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ABSTRACT

This report documents work carried out in the Materials Research Laboratory of the

Pennsylvania State University over the second year of a three year program on "Piezoelectric

and Electrostrictive Materials for Transducer Applications" sponsored under grant No.

N00014-89-J-1689 from the Office of Naval Research.

Highlights of the year's activity include: Participation of a number of senior faculty in

program to better define the role of ferroelectrics in "smart materials" and the manner in which

these developing interests will impact the needs for transducers as both actuators and sensors.

New progress has been made with the flextensional (moonie) type structures and with the

evolution of the I : 3 composites towards commercial development as large area actuators.

The year has seen major advance in the understanding of the relaxor type ferroelectrics I
which are most useful as dielectrics and electrostrictors. It has become clear that the original

superparaelectric model is only a first approximation valid for the very high temperature 3
behaviour and that in fact both the Lead magnesium niobate and the PZT materials are close

analogues of the magnetic spin glasses. Interaction between the polar micro-regions leads to a 3
Vogel-Fulcher like slowing down and freezing, and provides understanding of the micros to

macrodomain transitions, the hysteretic behaviour and the coupled elastic responses. 3
An essential component of the program is the excellent capability in synthesis and

processing which has been developed to provide the many new compositions and controlled 3
microstructures which are essential for the proper understanding of the properties.

The report gives a brief narrative description of the researches which are more fully

documented in the published papers of the technical appendices. 3
I
I
I
U
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A DIPOLAR GLASS MODEL FOR

1LEAD MAGNESIUM NIOBATE

IDwight Viehland, J. F. Li, S. J. Jang, L. Eric Cross*

IMaterials Research Labratory, Pennsylvania State University

University Park, Pa. 16802

I Manfred Wuttig

Engineering Materials Program, University of Maryland

College Park, Md. 20742

I The static polarization of lead magnesium niobate relaxors has been studied

using a standard Sawyer-Tower circuit. The square to slim loop hysteresis

transition was phenomenologically modelled by modifying Neel's equation for the

magnetization of a superparamagnet (1) to a similar relationship for a

superparaelectric. A temperature dependent internal dipole field was included to

account for cluster interactions. The slim loop polarization curves were found to

scale to E/(T-Tf), where E is the electric field and Tf a freezing temperature. A

glassy character was subsequently proposed to exist in the zero field cooled state

with local dipole fields between superparaelectric moments controlling the kinetics

of the polarization reversals and the freezing process. Recent quasielastic neutron

scattering results (2) have been interpreted to support this model.
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I. INTRODUCTION

Lead Magnesium Niobate (PMN) is a relaxor ferroelectric. Relaxors are

characterized by a dispersion of the dielectric permittivity, and an inability to sustain

a macroscopic polarization until temperatures significantly below the permittivity

maximum (Tmax). Burns (3,4) has shown that a local polarization exists to

temperatures far above Tmax indicating that the local symmetry is lower than the

global. Randall (5) and Harmer (6) have shown in PMN that there is a partitioning

on the nanometer scale into clusters which are chemically ordered and disordered.

Cross (7) suggested that the size of these cluster is such that the polarization may be

thermally reversible, analogous to superparamagnetism (1). He ha: recently

proposed that a coupling between polar clusters controls the kinetics of the

polarization fluctuations and the development of a frustration near a freezing

temperature (Tf), similar to spin glasses (8). Tf was determined by analyzing the

frequency dispersion of Tmax with the Vogel-Fulcher relationship, and was shown

to agree with the temperature at which a stable remanent polarization collapsed.

Similar phenomenological modelling has been used in spin glasses (9,10).

In the zero field cooled (ZFC) state the structure of a relaxor appears cubic

indicating that the scale of the polar behavior is smaller than the coherence length of

x-rays, however in the field cooled (FC) state the structure appears rhombohedral.

Optical microscopy reveals no domain structure in the ZFC state, but normal

micron-sized domains are observed in the FC state. Cross (11) has investigated the

field dependence of the dielectric and elastic responses. He found the maximum

nonlinearities near Tf. Bokov and My'nikova (12) and Smith (13) have previously

investigated the static polarization. They found a large hysteresis at lower

temperatures, but with increasing temperature it decreased; i.e. the so-called square

to slim loop transition. a,



Spin glasses are magnetic systems which cannot establish long range

magnetic ordering in the ZFC state due to some form of a chemical or structural

inhomogeneity. The glassy behavior is believed to arise due to competing

interactions between magnetic moments resulting in a freezing of the magnetization

reversals below a characteristic temperature (Tf). Freezing has been shown to occur

due to random fields between clusters (14,15) and a competition between

ferromagnetic and antiferromagnetic exchanges (16,17). The FC state exhibits

behavior resembling a normal ferromagnet below Tf, i.e. irreversibility and

hysteresis (18).

II. EXPERIMENTAL PROCEDURE and RESULTS

The samples used in this study were PMN ceramics with 10 at.% PT (PMN-

10PT). They were prepared as described by Pan and Cross (19). The samples were

free of ageing as described by Pan (19), were free of pyrochlore as described by

Shrout (20), they were of dimensions 1cm x 0.5cm x 0.03cm, and were electroded

with gold. The hysteresis loops were measured as a function of temperature using a

standard Sawyer and Tower circuit. Measurements were made between 150 and

-50 0 C on cooling. The samples were allowed to equilibrate for 30 minutes at each

temperature. The cycling frequency was 50 Hz, and the maximum bias applied was

20 kV/cm. To decrease the low frequency impedance, a large capacitance (10 i±F)

was placed in series with the sample.

Static polarization curves are shown in Figures l(a)-(d) at measurement

temperatures of -50, 10, 50, and I 100C respectively. The experimental data are the

closed circles, and the solid line is a phenomenological model which will be

presented. The square to slim loop hysteresis transition is evident in the figures.

The polarization behavior became hysteretic near and below Tmax. The saturation

polarization was approximately 20 C/m2 at lower temperatures. It was not possible

to drive the sample into saturation at higher temperatures because breakdown
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occurred. Above 250 C the remanence was so small that determination of the

coercive field was difficult, but at lower temperatures it incrased rapidly.

III. DISCUSSION

In systems consisting of nano-scale ferromagnetic or ferroelectric clusters the

thermal energy of the particle can strongly influence the macroscopic magnetic or

polar properties. These clusters are designated as superparamagnetic or

superparaelectric, respectively. The magnetic behavior with no anisotropy can be

described by a Langevian function, but real systems have an anisotropy which acts

as an energy barrier for reorientation as originally proposed by Neel (1). The

polarization behavior of an ensemble of uniform non-interacting clusters having

uniaxial symmetry can be described by equation 1 (1);

p = Tan FLV 1 (1)

where p is the reduced polarization, E the electric field, P the moment of the cluster,

and kT the thermal energy. A consequence of equation I is that the polarization

curves at different temperatures should superimpose when plotted against E/T, the

analogous behavior has been observed for numerous superparamagnets (21,22,23).

The implication of the superposition is that at higher temperatures it takes more

electrical energy to align the moments against the thermal energy. The slim-loop

hysteresis curves of PMN-10PT did not superimpose when plotted against E/T7 as

shown in Figure 2, p is obviously more strongly temperature dependent. This may

be a reflection of interactions between polar regions. Interactions might be

accounted for by including a phenomenological freezing temperature. Tf has been

previously estimated as 180 C for PMN-10PT (8). The polarization curves plotted

as a function of E/(T-Tf) are shown in Figure 3. It is obvious that the polarization

curves nearly superimpose.
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Interactions between superparamagnetic clusters have been reported to alter

Imagnetization curves. Local internal Lorentz fields have been used to obtain an

understanding of the magnetic behavior in these systems (24,25). A relationship for

a superparaelectric cluster having rhombohedral symmetry including an internal

dipole field is given in equation 2;

sinjP(E+aP)](
P= P(E+tap)] 3 cosiPcos70(E+aP)] .

Coh cos[ kT

where p is the reduced polarization, and a the internal field. The hysteresis curves

were modelled by a nonlinear least squares fitting to equation 2, shown as the solid

lines in Figures l(a)-(d). The fitting was done by allowing the temperature changes

to be absorbed by a. P can be approximated as PsV, where Ps is the saturation

polarization and V the cluster volume. Ps is approximately 20 C/m 2 , and the cluster

diameter has been found to be between 20 and 50 AO (5,6). Assuming an average

diameter of 35A o , P can be estimated as 5x10 -2 5 C-cm. A normalized internal bias

S(y=Pa/kT) as a function of temperature is shown in Figure 4. The reduced

Iremanent polarization (Pr) can be approximated by setting E=O in equation 2.

Nonzero solutions for pr will only exist when y>4 which occurred between 10 and

I200C. pr as a function of temperature is shown as the inset of Figure 4. The

temperature dependence of Pr was calculated by using the experimental values for y,

I but close to Tf y was determined by interpolation. These results are consistent with

the experimental polarization (8,12).

The magnetization and polarization of spin and dipole glasses are known to be

Iirreversible below Tf (18,26,27,28). The irreversibility is believed to arise due to

the onset of nonergodicity. In particular if Sawyer-Tower measurements are made

hystersis is observed (18,28). This hystersis has been shown to decrease with
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temperature (29), somewhat similar to PMN. The scaling of the polarization to

E/(T-Tf) in PMN-10PT is strongly suggestive of a glassy mechanism, whereas the

polarization equation of st derived for a rhombohedral superparaelectric

moment. Binder and Youn 0 ve suggested that interacting superparamagnetic

moments should be treated as spin glasses. It is proposed that the polarization of the

relaxor is glassy due to interactions between superparaelectric moments. In the ZFC

state, the lack of macroscopic polarization indicates that the moments freeze into

random orientations devoid of long range order. Local dipole fields may try to

polarize neighboring moments over a distance of a correlation length, as illustrated

in Figure 5. But if the dispersion in the fields is larger than the average field, long

range ordering is impossible. In the FC state the moments freeze into ordered

configurations, charateristic of a normal ferroelectric. A somewhat similar

superpara-glassy model has been proposed for Kl-xLixTaO3 (KTL), for x=0.026

(27).

Recent quasielastic neutron scattering (QES) results (2) on PMN revealed a

temperature dependent correlation length (X) similar to spin glasses (30), shown in

Figure 6. Near 4000K, X was 50 AO which is approximately equal to the cluster

size observed by TEM (4,5). In the temperature interval below 2250K, X was

nearly temperature independent with a maximum value of 200 AO. This data can be

interpreted to support the hypothesis that relaxors are interacting superparaelectric

moments. The scale of X supports the argument that the glassy character arises due

to random fields between moments on the mesoscopic level. The agreement of X

with the average size of the clusters at higher temperatures supports the argument

that the moments are decoupled from each other behaving as ideal

superparaelectrics. On cooling X increased supporting the model of a temperature

dependent internal field which couples the moments more strongly. For comparison

Tf has been estimated to be 217 0 K by analyzing the dispersion of Tmax using the
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Vogel-Fulcher relationship, shown as the solid line in the inset of Figure 6. This is

close in temperature to the saturation of X, a strong broadening of the relaxation

time distribution (31), and the collapse of the remanent polarization. This indicates

that the saturation of X at 200 AO may occur by the system freezing into local

configurations of moment orientations, possibly by balancing the average

orientation of nearest and next nearest neighbors effectively charge compensating

the local polarization.

Various reasons have been proposed to explain the existence of short range

order in dipolar glasses. The glassy behavior in KTL is believed to arise by a

coupling of the Li defect structure to a soft mode lowering the local symmetry and

stabilizing ferroelectric clusters (32,33). In KCI:OH-, OH- dipoles are believed to

exist which have six orientations; local dipole fields are believed to couple the

moments resulting in glassy behavior (34). The low temperature phases of

RbH2PO4 (RDP) and (NH4)H2PO4 (ADP) are ferro- and anti-ferroelectric,

respectively; frustrated interactions are believed to lead to glassy behavior in their

solid solution (RADP) (35). PMN is probably a normal ferroelectric which cannot

establish long range polar order due to gross inhomogeneities, i.e. the partioning

(phase seperation) on the nanometer scale (5,6). Local polarization may form where

allowed by this "fossil chemistry" via local ferroelectric transitions, dipole fields

between moments then subsequently lead to glassy behavior.

V. CONCLUSION

Static polarization curves for PMN were parameterized using a

superparaelectric model which included an internal dipole field. Local randomly

orientated dipole fields between superparaelectric moments are believed to exist in

the zero field cooled state leading to a freezing of the polarization fluctuations. A

dipole glass model for relaxors was subsequently proposed.
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LIST OF FIGURES

Figure 1. Polarization curves at various temperatures. The solid points are the

experimental data and the solid line is the curve fitting to equation 2. Figures (a)-(d)

are at measurement temperatures of -50, 10, 50, and 1 100C respectively.

Figure 2. Reduced polarization plotted as a function of the temperature

normalized electric field at various temperatures. The arrow visually illustrates the

direction of increasing temperature. The polarization curves shown are at

temperatures of 39, 48, 54, 59, 69, 86, 1 10°C.

Figure 3. Reduced polarization at various temperatures plotted as a function of

E/(T-Tf) where Tf is the freezing temperature. The polarization curves shown are at

temperatures of 39, 48, 54, 59, 69, 86, 1 100C.

Figure 4. Reduced internal field (y=PcA/kT) as a function of temperature where Tf

is the freezing temperature. The inset shows the reduced remanent polarization (pr)

as a function of temperature as calculated from equation 3.

Figure 5. The correlation length as determined by quasielastic neutron scattering

as a function of temperature where Tf is the freezing temperature. This data is taken

from Vakrushev (2). The inset shows the modelling of the frequency dependence of

the temperature of the dielectric relaxation with the Vogel-Fulcher relationship

where the solid points are the experimental data and the solid line is the curve

fitting.

Figure 6. Proposed model for freezing in PMN where E is a local internal dipole

field which acts to couple the polar clusters. The open circles represent the polar

clusters.
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ABSTRACT

Non-linear internal friction measurements have been carried out on lead

magnesium niobate with 10 atomic% lead titanate. The purpose of these

measurements was to investigate the field dependence of the elastic and anelastic

responses, and to determine how the response depends on the amplitude of an

applied stress. The linear elastic response was found to stiffen at all bias levels with

the maximum electroelastic coupling occurring near the Vogel-Fulcher freezing

temperature. A strong frequency dependence of the kinetics of the anelastic

relaxation was found at low measurement frequencies. These data are compared to

recent high frequency results. The existence of an inhomogeneous internal strain

has been found from the line broadening of the (220) and (321) diffraction peaks.

On application of an electrical field the internal swain is relieved by the development

of a macrostrain which is shown to be the electrostrictive stain. It is proposed that

the local electrostrictive strains are dynamic in nature and are at the origin of the

anelastic relaxation. Strong elastic non-linearities, both an elastic softening and

hardening under stress, have also been observed. These results are interpreted as a

stress activation of the internal deformation process.



I. INTRODUCTION

Lead magnesium niobate (PMN) is a classic relaxor ferroelectric. Relaxors are

ferroelectric materials which exhibit a diffuse phase transformation in which there is

a strong frequency dispersion of the dielectric response at temperatures near the

permittivity maximum (Tmax). On heating from a poled state the remanent

polarization is knaown to collapse at temperatures significantly below the permittivity

maximum (Bokov and Myl'nikova 1960). The depolarization under an electric field

is known to occur over a broader temperature interval (Xi, Zhilli, and Cross 1983).

An RMS polarization, as calculated from the index of .refraction, is known at

temperatures far above Tmax (Bums and Dacol 1983) which shows that a local

polarization exists to much higher temperatures than that which a macroscopic

polarization can be sustained. Smolenski's (Smolenski and Agranovska 1960)

original model of relaxors was based on the concept of local variations of the

transition temperature due to compositional heterogeneity. Randall (Randall and

Bhalla 1989) more recently has observed contrast on the nanoscae in PMN using

TEM which he believed to be due to short-range chemical ordering. Cross (Cross

1987) has proposed that local polar regions form where allowed by this short range

chemical order, i.e. the so called "fossil chemistry", by a lowering of the local

symmetry through ferroelectric distortions. He has further proposed that the

frequency dispersion arises due to a thermal activation of the direction of

spontaneous polarization, analogous to superparamagnetism. The frequency

dispersion of Tmax has recently been found to exhibit a Vogel-Fulcher type

freezing (Viehland, Jang, Wuttig, and Cross 1990a), and the freezing temperature

was found to correlate with the collapse of the remanent polarization.

Relaxors are known to have a large electrostrictive swain (Jang 1979), and to

be strong non-linear materials electrically (Shrout 1980) (Glass 1969). The

phenomena underlying the dielectric relaxation then might also be reflected into the
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elastic properties. Yushin (Yushin, Smironova, Dorogortsev, Smirnov and

Galayamov 1987) has recently investigated the anelastic response of PMN in the

megahertz regime. He found that the magnitude and kinetics of the relaxation were

frequency independent. Elastic non-linearities have been previously known to arise

from domain wall motion (Wuttig and Lin 1983) and nucleation (Anning and

Wuttig 1984). In general, these elastic non-linearities are believed to be a

macroscopic reflection of a strain driven microscopic deformation process. The

purpose of this work was to investigate the anelastic response in the low frequency

regime and to determine if the response is dependent on the magnitude of the

applied stress, i.e. elastically non-linear.

II. EXPERIMENTAL PROCEDURE

The elastic properties were studied using a non-linear internal friction

technique developed by Wuttig and Suzuki (Anning, Suzuki, and Wuttig 1982). A

diagram of the experimental apparatus is given in Figure 1. The technique uses a

long thin vibrating reed which is externally driven through the natural resonance by

a magnetic gradient acting on a small permanent magnet attached to the reed. The

mechanical response of the reed to the driving force was measured capacitively by

pick-up capacitors using a technique developed by Tomboulian (Tomboulian 1961).

The samples were driven into the non-linear regime which resulted in asymmetric

resonance curves. Measurements were made using increasing and decreasing

frequency sweeps to obtain the complete asymmetry of the resonance curves. The

resonance curves were then analyzed using a non-linear least squares fit to an

empirical response relationship developed by Nayfeh (Nayfeh 1979) given in

equation 1;

Q)=Qo_8.wf t1;:f_ (I)2



where co represents the resonance frequency, a the non-linear elastic constant, 8

the linear anelastic constant (damping), K the external excitation, and a the RMS

amplitude of vibration of the sample.

Resonance curves were measured as a function of temperature on heating

between 250 and 4200K, with resonance frequencies of approximately 10, 100,

and 400 Hz. Measurements were done as a function of bias, the bias levels used

were 0, 1, 2, 3, 4, 5, 6, 7, 8, 10, 12, and 15 KV/cm. X-ray line broadening

measurements were also done using a position sensitive detector to supplement the

data base. Measurements were made as a function of bias on the (200), (220), and

(321) peaks at 25 and 0oC. The dielectric constant and polarization were also

measured as a function of temperature for comparison using standard techniques.

The samples used in this study were PMN ceramics with 0 and 10 at% PT

(PMN- IOPT). They were prepared as described by Pan and Cross (Pan, Jiang, and

Cross 1988). The samples were free of ageing as described by Pan, were free of

pyrochlore as described by Shrout (Swartz and Shrout 1982), and were electroded

with gold. Stoichiometric ageing free samples were used to avoid a potential

complication of the relaxation mechanism by a time varying defect structure.

Supplementary measurements were also done on La-modifed lead zirconate titanate

(PLZT) with Zr/Ti ratio of 65/35 and a La content of 9 atomic%. The PLZT

samples were donated by Honeywell Inc. of Bloomington, Minnesota.

III. RESULTS

Sample resonance curves are given in Figures 2.a-2.d for PMN-IOPT at 270,

292, 310 and 340 0K, respectively. Each Figure contains resonance curves under

bias levels of 0, 5, and 10 KV/cm. These curves were chosen to illustrate the field

dependence of the resonance curves at various temperatures. An electrical field

increased the resonance frequency, and decreased the mechanical losses. At lower

temperatures the resonance curve characterized a linear oscillator. As the



temperature was increased the resonance curve bent to lower frequencies with

increasing displacement (elastically soft under stress), and on a further increment of

the temperature the resonance curve bent to higher frequencies with increasing

displacement (elastically hard under stress). The effect of a DC bias was to decrease

the magnitude of the nonlinearity.

IV. DISCUSSION

The insertion of any local distortion into a crystalline lattice produces internal

strains. Anelastic behavior is a manifestation of the relaxational kinetics of this

internal deformation process. In PMN the anelastic response can be anticipated to

reflect the kinetics of the polarization fluctuations which can couple the applied

stress to the internal strain through the electrostriction. The elastic stiffness of PMN

over a wide range of temperatures is illustrated in Figure 3. The elastic stiffness

started to soften around 6000 K which is close to the temperature of the onset of

local polarization as originally shown by Burns (Burns and Dacol 1983). The

implication is that the insertion of polarization into the prototypic phase softens the

lattice, via the electrostriction. The agreement of the temperature of the maximum in

the 100 Hz elastic softening with the temperature of the 100 Hz permittivity

maximum, shown in Figure 4, illustrates that the relaxational processes in both

responses does have a common origin. The dielectric relaxation has been shown to

be glassy due to interactions between superparaelectric moments (Viehland, Jang,

Wuttig, and Cross 1990a). The implication is that the anelastic relaxation may also

be glassy due to local electrostictive strain fields.

Figures 5(a)-(d) illustrate the field dependence of the stiffness at various

temperatures. The points in these figures are the experimental data, and the solid

line is the curve fitting to equation 2;

c(E) = c(0) + PE2 + ie (2)
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where c is the elastic stiffness, and P3 and il are the fourth and sixth order

electoelastic couplings respectively. The experimental data was modelled using a

nonlinear least squares fitting to equation 2, solving for 3 and T1. 03 as a function of

temperature is shown in Figure 6. The maximum electroelastic nonlinearities

occurred near 150C. The freezing temperature has been estimated to be 180C by

modelling the frequency dependence of Tmax using the Vogel-Fulcher relationship

(Viehland, Jang, Wuttig and Cross 1990a) which is close to the temperature of the

maximum electroelastic nonlinearities. The modelling of the dielectric relaxation is

shown as the inset of Figure 6. These results indicate that the local electrostrictive

strains are dynamical in nature and undergo a Vogel-Fulcher type freezing

corresponding to the freezing of the polarization fluctuations. This can be

interpreted to mean that the polarization fluctuations do not occur within a rigid

framework, but rather inside of a soft framework which deforms in response to the

polarization fluctuations. The maximum nonlinearities in the electroelastic response,

then, occurs near the freezing temperature where a DC biasing field can most

effectively repopulate the states. Yushin (Yushin 1988) has reported a similar

anomaly in the electroacoustic behavior near 210 0 K for PMN in the zero field

cooled state.

An electrical field stiffened the elastic response at all bias levels. If the

softening of the linear elastic stiffness is solely related to the introduction of

polarization into the lattice, then application of an electrical field should further

soften the lattice because it would stabilize more polarized regions. A possible

explanation of this discrepancy is that the inhomogeneity in the internal strain field,

both in the frozen and dynamical states, enhances the deformation mechanism.

Consequently on application of an electrical field the lattice stiffens as the

randomness of the strain field is destroyed. The elastic behavior of PMN may be

similar to the orientational glassy state proposed for (KBr)I.x(KCN)x (Knorr,



Volkmann, and Loidl 1986) (Knorr 1987) in which quadrupolar interactions

between elastic dipoles leads to a freezing of the anelastic response. It is proposed

here that quadrupolar interactions between polar clusters in PMN contribute to the

freezing process, and that the corresponding frustration is partially orientational in

nature. The main difference between the glassy response in PMN and (KBr)I -

x(KCN)x is the scale of the inhomogeneity in the strain field. In relaxors this scale

is on the order of 50-100 AO (Randall and Bhalla 1989) (Chen, Chan, and Harmer

1989), where as in (KBr)I-x(KCN)x it is several unit cells. The glassy contribution

to the elastic softening consequently would be expected to be much less for PMN

than for (KBr)l-x(KCN)x, which is experimentally observed. In the tungsten

bronze family of relaxors, an electrical field has been found to soften the lattice

(Shrout 1980). The difference in the elastic behavior of the PMN family of relaxors

and the tungsten bronzes, can be understood by the differences in their structures.

The structure of the tungsten bronzes are prototypic tetragonal with only two

ferroelectric domain states. Consequently the interaction of the electrostrictive

deformation with an applied stress does not reveal any internal strain. PMN is

rhombohedral having non-180 0 variants which can contribute to an inhomogeneous

internal strain if the cluster moments freeze in a random manner.

The (220) diffraction peak for PMN-IOPT at various bias levels is shown in

Figure 7(a) and (b) at 25 and 0oC, respectively. The width of the peak decreased

and the peak shifted to lower 20 values with increasing bias. Upon removal of the

I field the width and the peak position returned to the unbiased values at 250C, but

remained at the biased values at OOC. These results support the model of an

inhomogeneity in the local strain field which has an instability to an applied bias.

The inability of the inhomogeneity to recover after removal of the bias below the

freezing temperature gives further evidence of the dynamical nature of the local

electrostrictive strains above Tf. The shifting of the peak position shows that a



macrostrain develops from the inhomogeneous internal strain during electrification.

The shift in the peak position (A20) was approximately 0.10 between 0 and 10

KV/cm. The lattice strain associated with this shift can be approximated by equating 3
the Bragg relationships at both biases and solving for Ad/dl as given in equation 3;

sin(28l)__ Al = I-. 3)(3)
dl sin(20 1+A2e)

where e is the lattice strain, dI and d2 are the lattice constant under 0 and 15 K/cm 3
respectively, and Ad is defined as dl-d2. Ad/dl can then be approximated as

5x10 "4 which is comparable to the electrostrictive strain (Jang 1979). This shows

that the large electrostrictive strains in these materials are not due to induced

polarization, but rather to the relief of the internal strain by the development of a

macrostrain. Hysteresis then occurs in the field dependence of the strain behavior

below Tf.

The 100 Hz internal friction as a function of bias at Tf is shown in Figures 8.

The maximum field dependence was also found near Tf. The internal friction

initially increased until 3 KV/cm, then decreased upon further increment of the

field. The coexistence of both dielectric and anelastic relaxation requires that the

piezoelectric response (d33) must also be dispersive (Nowick and Heller 1965),

which has recently been observed (Pan, Gu, Taylor, and Cross 1989). The

maximum response and strongest relaxation in d33 were also observed near this

threshold bias (3KV/cm). This means that at the threshold bias a small applied

stress can most effectively repopulate the equivalent variants, consequently the

mechanical losses are maximum. The threshold bias can be interpreted to mean that

in the unelectrified state the orientations of the superparaelectric moments are not

completely random, but rather there are local equilibrium configurations of moment

orientations as previously proposed from the field dependence of the dielectric

response (Viehland, Jang, Wuttig, and Cross 1990b). A small bias then acts to



override these configurations, enhancing the fluctuation kinetics and the magnitude

of the relaxation. It is probable that the short range ordering in these configurations

is determined in part by the local electrostrictive strain fields. Khachaturyan

(Khacharuryan and Shatalov 1969) has previously shown that local strain fields

between inclusion can lead to short range ordering of their "elastic dipoles". At bias

levels above threshold, the internal friction decreased probably because of the relief

of the internal strain and the longer range nature of the dipolar interactions.

The effective third order elastic constant of PMN as a function of temperature

under zero bias is illustrated in Figure 9. The maximum softening of this constant

occurred slightly below the temperature of the 100 Hz permittivity maximum. The

maximum bending of the resonance curve under stress at Tmax in the unelectrified

state can be estimated to be I Hz (see Figure 2(c)) which is approximately 0.8%.

This translates into a 1.5% decrease in the elastic energy by the nonlinearities. This

contribution is not small in consideration of the inhomogeneous nature of the

applied stress. It is obvious that the elastic softening occurs when the frequency of

the polarization fluctuations nearly coincides with the driving frequency of the AC

stress field. The maximum elastic softening probably occurs when the polarization

can most effectively respond to the biasing strain. Below this temperature, the

fluctuations are essentially frozen with respect to the time scale of the measurement.

The natural elastic hardening, consequently, is observed at higher temperatures

when the kinetics of the deformation process becomes much faster than the applied

AC stress. The softening of the elastic response shows that the kinetics of the

internal deformation process can be driven by an applied AC stress. Higher order

elastic constants usually characterize the stress dependence of the velocity of an

elastic wave and/or the nonlinear interactions between "elastic dipoles" (Wallace

1970). It is proposed that the microscopic origins of the softening arises due to

interactions between cluster moments, both dipolar and quadrapolar, which in part



control the kinetics of the deformation process. A potential well diagram which

illustrates the effect of an applied stress along a (1I) variant is shown in Figure

10. If T<Tmax the applied stress lowers the activation energy by Yp, consequently 3
the repopulation kinetics along the axis of the stress is enhanced and the elastic

response is soft. If T>Tmax the applied stress is shown to push against the walls I
of the wells, consequently the elastic response is hard. The third order elastic g
constant under 5 KV/cm is also illustrated in Figure 9(a). An electrical field

decreased the softening and increased the temperature of its maximal response. The 3
third order elastic constant as a function of bias at the temperature of the permittivity

maximum is shown in Figure 9(b). The elastic response is essentially linear under

10 KV/cm. The reason for the decrease in the magnitude of the elastic softening can

be understood as a reflection of the decrease in the inhomogeneiry of the local strain

fields on electrification. Consequently the deformation process is less stress

sensitive and the magnitude of the softening of the latce under stress decreases.

s Te internal friction of PMN has been reported to be frequency independent

between 5 and 50 MHz (Yushin, Smironova, Dorogortsev, Smirnov, and

Galayamov 1987). The internal friction of PMN at various frequencies between 100

Hz and 50 MHz is shown in Figure 10(a). The maximum loss and temperature of

its half maximum value are plotted as a function of frequency in Figure 10(b). It is

obvious that the kinetics of the relaxational process is temperature dependent in only

the low frequency regime, whereas the magnitude of the relaxation is relatively

frequency independent. A possible explanation for this behavior is that the thermal

fluctuations of the local electrostricive strains cannot follow above a certain

frequency. Further evidence for such behavior in relaxors can be found in the

temperature dependence of the line broadening of the diffraction peaks in PLZT-8.7

(Darlington 1989). These results are illustrated in Figures 11(a)-(c). The

broadening of the (200) peak starts near the onset of local polarization, and seems



to saturate near 5600 K. Where as the broadening of the (220) and (321) peaks

continuously increases between approximately 560 and 2500 K. This shows that the

inhomogeneity in the strain field associated with the volume deformation saturates

when an inhomogeneity in the shear deformation ((220) and (321) peaks) starts to

develop. A possible explanation is that at high temperatures near the onset of

reversible polarization, the rhombohedral strain of the individual ferroelectric

distortions is largely suppressed due to their emergence in an elastically stiff matrix.

The matrix is soft dielectrically (high permittivity) so that polarization can occur, but

elastically the rhombohedral variants are cubically clamped. Consequently the strain

fields associated with the volume deformation is inhomogeneous and static. At

lower temperatures, as the kinetics of the polarization fluctuations slow down due

to the build up of correlations, the polar regions may be able to lower their free

energy by deforming in a correlated manner which preserves the cubic dimensions.

Inversion of the polarization leaves the elastic environment unchanged, but the

rotation of the polarization involves rearrangements of the local elastic minima. The

free energy may then be lowered by allowing the local strain fields to become

dynamic, consequently an inhomogeneity in the shear strain develops. The

implication is that the anelastic and dielectric relaxation time distributions do not

need to be equivalent, but rather varying differences between the two may occur as

a function of temperature or frequency depending on whether the polarization is free

to deform or clamped. At lower temperatures near Tf the relaxation time

distributions would be very similar. For comparison the Vogel-Fulcher freezing

temperature of PLZT-9 has been estimated as 2650 K which is close in agreement

with the temperature of the saturation in the broadening of the (220) and (321)

peaks.

A model of a temperature dependent relaxation time spectrum is presented in

Figure 12(a) for the anelastic response. A model previously proposed for the



dielectric response is shown in Figure 12(b) for comparison (Viehland, Jang,

Wuttig, and Cross 1990a). These models are not quantitative, but are qualitatively

consistent with the experimental observations. The isothermal width for both

spectra is shown to become very broad near Tf with the mean value (rave)

approaching the macroscopic time regime. Relaxation is also shown to exist to

temperatures significantly below Tf as a reflection of the size dispersion of the

moments. Above Tf the isothermal widths of the relaxation time spectrums

continuously sharpens with increasing temperature. The shortest relaxation time

(Tmin) for the anelastic relaxation is shown to approach a criticaL frequency

(Tclamp) at which point the anelastically active orientations are becoming

inaccessible to the polarization due to the stiffening of the matrix. This frequency is

shown to be much lower than the Debye frequency (d.). Upon further increment of

the temperature 'rave and rmax are shown to approach Tclamp for the anelastic

response. The maximum value of the distribution is shown to be relatively

frequency independent to reflect the weak frequency dependence of the relaxation

magnitude. The maximum value of the distribution for the anelastic response is

shown to be smaller than that for the dielectric response to illustrate the relative

magnitudes of their respective losses.



IV. CONCLUSION

IEvidence for a Vogel-Fulcher type freezing of the anelastic response has been

found. It has subsequently been proposed that the freezing process in relaxors is

Ipartially controlled by randomly orientated local electrostrictive strain fields. The

existence of an internal strain which decreases on electrification has been confirmed

by line broadening of the (220) diffraction peak. The frequency dependence of the

anelastic relaxation has also been investigated. It has been found that the kinetics of

the anelastic relaxation is substantially different than th; dielectric relaxation at

higher frequencies. A softening of the elastic response to the amplitude of the

applied stress has also been found which was explained as a stress activation of the

internal deformation process.

I

I

I

I
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LIST OF FIGURES

Figure 1. Diagram of the internal friction apparatus. (1) pick up capacitor, (2) Sm-

Co magnets, (3) sample, (4) sample positioner and clamp, (5) thermocouple, (6)

constant gradient Helmholtz coils, (8) resitive heating wire.

Figure 2. Sample resonance curves for PMN-I0PT at bias levels of 0, 6, and 12

KV/cm. (a) T=-15 0 C, (b) T=I5 0 C, (c) T=400 C, (d) T=650 C.

Figure 3. Elastic stiffness as a function of temperature for PMN.

Figure 4. (a) Elastic stiffness and linear damping as a function of temperature for

PMN- 1OPT at a measurement frequency of 100 Hz. (b) Polarization and dielectric

Iconstant as a function of temperature for PMN-IOPT. The measurement frequencies

for the dielectric constant were 0.1. 1, 10, and 100 KHz.

Figure 5. Elastic Stiffness as a function of DC electrical bias for PMN-lOPT. (a)

T--10°C, (b) T=I50 C, (c) T--600 C, (d) T=1200 C.

Figure 6. Electroelastic constant (03) as a function of temperature for PMN-IOPT

where Tf is the freezing temperature. The inset is the fitting of the frequency

dependence of the temperature of the permittivity maximum to the Vogel-Fulcher

relationship.

Figure 7. (220) diffraction peak for PMN- OPT under DC bias levels of 0, 10, and

0 KV/cm. (a) T=250 C, (b) T=0°C.

Figure 8. Internal Fiction (Q-l) as a function of DC electrical bias for PMN-IOPT.

Figure 9. (a) Effective third order elastic constant (a) for PMN-1OPT as a function

of temperature under DC bias levels of 0 and 5 KV/cm where Tmax is the

temperature of the 100 Hz dielectric maximum. (b) Effective third order elastic

constant (a) for PMN-IOPT as a function bias near the temperature of the

permittivity maximum.

Figure 10. Potential well diagram which illustrates the effect of an AC mechanical

stress on the activation energy for a superparaelectric relaxation at various



temperatures where e is the RMS value of the stress and Yp the change in the

activation energy.

Figure 11. (a) Mechanical damping of PMN as a function of temperature at various

frequencies. The frequencies shown are 0.1 and 2.3 KHz, and 7, 10, 20, and 50

MHz. The MHz data was taken from Yushin (2). (b) Maximum of the internal

friction (QAx) and temperature of its half maximum value as a function of the

measurement frequency for PMN- IOPT.

Figure 12. X-ray diffraction peaks as a function of temperature for PLZT-8.7

(65/35) taken from Darlington (28) where TB is the Burn's temperature and Tf the

freezing temperature. (a) the (200) peak, (b) the (220) peak, and (c) the (321) peak.

Figure 13. Diagram illustrating the proposed temperature dependent relaxation time

spectrum where G(r) is the number of micro-polar regions having a relaxation time

z. (a) Anelastic distribution, (b) dielectric distribution.
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ABSTRACT

Non-linear internal friction measurements have been carried out on La

modified lead zirconate titanate relaxors with a Zr/Ti ratio of 65/35. Measurements

have been made as a function of La content and DC bias. The elastic softening is

believed to have a ferroelastic contribution due to the tilting of the oxygen

octahedra, in addition to the expected electrostrictive effects. The temperatures of

the maximum softening form a plausible extension to the rhombohedral

rhombohedral phase boundary (1). A frequency dependence of the softening has

also been found which was interpreted as the existence of fluctuations in the

orientations of the tilts. These fluctuations are proposed to arise in an attempt to

partially relieve an inhomogeneity in the electrostrictive strains associated with the

polarization fluctuations. The results are discussed in context with previously

reported transmission electron microscopy work (2). Dielectric measurements have

also been done as a function of La content and bias, and the freezing temperature of

the polarization fluctuations determined as a function of composition. A revised

phase diagram has been proposed using this data base which shows different phase

fields having various combinations of frtezing mechanisms.
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I. INTRODUCTION

Lanthanum modified lead zirconate titanate solid solutions (PLZT) with La

contents between 5 and 14 atomic% and with a ZrTi ratio of 65/35 are relaxors.

Relaxors are ferroelectrics which exhibit a classic dielectric relaxation, and have the

inability to sustain a macroscopic polarization until temperatures significantly below

the radio frequency permittivity maxima. Burns (3) has shown that an RMS (local)

polarization exists in PLZT upto the transition temperature for pure PZT (6230 K).

He subsequently proposed a glassy polarization mechanism. Cross has proposed

that the orientations of the local moments are thermally reversible (4), analogous to

superparamagnetism. He has recently shown (5) that interactions between

superparaelectric moments control the kinetics of the polarization fluctuations, and

the onset of a frozen state below a characteristic temperature (Tf). The implication is

that the frustration is incipient from higher temperatures into the frozen state.

Smolenski's original model of relaxors (6) was based on the concept of local

variations of the transition temperature due to compositional heterogeneity. Randall

more recently has shown using transmission electron microscopy (TEM) that in

PLZI antiphase boundaries separate regions which have a doubling of the unit cell.

He subsequently proposed that it was the scale of an inhomogeneity which

predetermines the relaxor behavior (7).

Meitzler and O'Bryan (1) have investigated the elastic behavior of PLZT for

La contents less than 6 atomic%. The temperatum of the maximum elastic softening

was found at significantly lower temperatures than the maximum in the dielectric

permittivity. The temperatures of the maximum softening were instead found to

form a plausible extension to the rhombohedral rhombohedral phase boundary of

the PZT phase diagram. Yushin (8) has recently investigated the elastic stiffness of

PLZT-9 (65/35). He found that the temperature of the maximum elastic softening

nearly coincided with the temperature of the permittivity maximum for this



3

composition, similar to lead magnesium niobate (PMN) (9). Beige has also

investigated the elastic properties of PLZT (10). The purpose of this work is to

investigate the field and compositional dependence of the elastic response at various

frequencies, and to determine if the elastic response is dependent on the amplitude

of the applied stress. The intention is to determine the glassy behavior for the

various La contents, and to compare this behavior to the PMN family of relaxors.

II. EXPERIMENTAL PROCEDURE

The samples used in this study were PLZT (65/35) with La contents of 6,

6.5, 7, 7.5, 8, 8.5, 9, 10, 12, and 14 atomic%. The samples were donated by

Honeywell Inc. of Bloomington, Minnesota.

The elastic properties were studied using a non-linear internal friction

technique developed by Wuttig and Suzuki (11). A diagram of the experimental

apparatus is given in Figure 1. The technique uses a cantilever type sample which is

driven through its natural resonance by Sm-Co magnets (placed on the free end of

the cantilever) coupling to constant gradient Helmholtz coils. The cantilever was

placed into sinusoidal flexural motion, and the displacement was measured

capacitively using a technique developed by Tomboulian (12). The samples were

driven into the non-linear regime which resulted in asymmetric resonance curves.

The resonance curves were analyzed using a nonlinear least squares fitting to

equation 1;
O) C OO 18ci2 :) ..± (1)

where co is the resonance frequency, a the effective non-linear elastic constant, 8

the linear damping, K the external excitation, and a the RMS displacement of the

Ireed. Resonance curves were measured as a function of temperature on heating

between 250 and 4200 K, with resonance frequencies between 10 and 400 Hz.

IMeasurements were done as a function of DC bias, the bias levels used were 0, 1,

I
I
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2, 3, 4, 5, 6 ,7, 8, 10, 12, 15 kV/cm. X-ray line broadening measurements were

also carried out using a position sensitive detector. Measurements were made on the I
(200), (220), and (321) diffraction peaks.

The dielectric response was measured as a function of frequency and I
temperature at the same bias levels used for the elastic measurements. The

frequencies used were 0.1, 0.2, 0.4, 1, 2, 4, 10, 20, 40, and 100 KHz. All U
measurements were made on cooling at a rate of 10 C/min. The measurements were

made using a HP4275A LCR meter. Two large blocking capacitors were used to

protect the dielectric bridge from possible breakdown of the sample. A 20 Mil I
resistor was put in series with the DC power supply so as not to bypass the AC

current from the capacitance bridge. The dielectric curve for each frequency was

curve smoothed and interpolated to determine the temperature of the dielectric

maximum as accurately as possible. The remanent polarization was also measured

as a function of temperature for comparison using standard techniques.

III. RESULTS

Sample resonance curves are illustrated for PLZT-8 in Figures 2(a)-(d) at

T<Tf, T=Tf, TTmax, and T>Tmax respectively. Each figure contains data under

DC bias levels of 0, 6, and 12 kV/cm. An electrical field increased the resonance

frequency (stiffened the lattice), and decreased the linear damping at all

temperatures. The maximum field dependence can be seen to occur near T=Tf. At

lower temperatures the resonance curves characterized a linear oscillator. Near Tf

the elastic response was soft to the amplitude of the applied stress, i.e. the

resonance curves shift to lower frequencies with increasing displacement. At higher

temperatures the elastic response was hard to the amplitude of stress, i.e. the

resonance curves shifted to higher frequencies with increasing displacement. The

DC bias decreased the magnitude of the nonlinearity at all temperatures.



The permittivity as a function of temperature at various frequencies is shown

in Figures 3(a)-(d) for La contents of 6, 6.5, 7, and 8 atomic%. At lower La

contents no dispersion in Tmax was observed, the dispersion in Tmax did not

become obvious until near 8 atomic%. The magnitude of the permittivity was

dispersive for all compositions investigated, although the dispersion increased with

increasing La content. The permittivity as a function of temperature for PLZT

under DC bias levels of 0 and 4 kV/cm are shown in Figures 4(a) and (b),

respectively.

IV. DISCUSSION

The elastic stiffness of relaxor ferroelectrics is known to start to soften at the

temperature of the onset of local polarization (13). The anelastic relaxation of PMN

has recently been shown to reflect the kinetics of the polarization fluctuations by a

coupling of the applied stress to the internal strain, via the electrostriction. Near Tf,

the orientations of the local electrostrictive strain fields are believed to freeze into an

orientational glassy state. The frustration in this frozen state is believed to have

contributions from both dipolar and quadrupolar interactions between

superparaelectric moments. The elastic stiffness and linear damping of PLZT-8 are

shown in Figure 4(a), the polarization and permittivity are shown in Figure 4(b) for

comparison. The maximum softening of the 100 Hz elastic response occurred near

the temperature of the collapse in the remanent polarization, rather than at the

temperature of the 100 Hz Tmax in the dielectric response. The implication is that

the anelastic relaxation may have contributions other than the electrostrictive, and

that the frustration in the frozen state is different from that in PMN.

The compositional dependence of the 100 Hz elastic stiffness of PLZT is

illustrated in Figures 5(a)-(d) for La contents of 7, 8, 9, and 10 atomic%

respectively. The maximum softening occurred at a temperature significantly below

Tf for PLZT-7, near Tf for PLZT-8, between Tf and Tmax for PLZT-9, and near

!
I
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Tmax for PLZT-1O. The degree of softening was found to decrease with increasing

La. The temperatures of the maximum lattice softening form a plausible extension to

the rhombohedral rhombohedral phase boundary found by Meitzler and O'Bryan

(1). They determined this boundary from the temperature of the maximum elastic

softening of poled samples driven into resonance piezoelectrically. The transition

temperature was estimated as 750C for PLZT-6, the temperature of the maximum

softening determined here for PLZT-7 was approximately 700C. In the low

temperature rhombohedral phase the oxygen octahedron is tilted with respect to the

high temperature phase. The tilting is an attempt to partially relieve the octahedral

strain (14) and results in a doubling of the unit cell (15). At the rhombohedral

rhombohedral phase boundary the octahedral strain is coupled to an applied stress

through the rotostriction (16), consequently the lattice softening has a ferroelastic

contribution in addition to the electrostrictive. The compositional dependence of the

electroelastic coupling (0) is illustrated in Figures 7(a)-(d) for PLZT-7, 9,9, and 10

respectively. 0 was calculated from the field dependence of the elastic response

using an expansion in even powers of the field (13). The maximum coupling was

found near Tf for each composition irrespective of the relative temperature of the

maximum softening. The maximum softening may occur when an applied stress

most effectively couples to the internal strain through the rotostriction, whereas the

maximum in 0 may occur at Tf when an electric field most effectively couples to the

internal strain through the electrostriction. The relative temperatures of the

maximum softening and electroelastic coupling show that both rotostrictive and

electrostrictive contributions to the total response are important.

The frequency dependence of the elastic stiffness is illustrated in Figure 8(a)

for PLZT-7. This graph shows the elastic stiffness as a function of temperature at

measurement frequencies of 25 and 150 Hz. The dispersion in the temperature of

the maximum softening is obvious and occurred below Tf. Anelasticity is a
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reflection of internal stress relaxations, and is required to occur in any elastically

dispersive system. The tilting of the oxygen framework in the low temperature

rhombohedral phase is known to reduce the strain in the octahedra, the anelastic

response may then be a reflection of the kinetics of this ferroelastic switching. It is

proposed that within a micropolar region the orientations of the tilts fluctuate above

a characteristic anelastic freezing temperature (Tf'), and that the frustration in the

frozen state is partially elastic. The kinetics of the anelastic relaxation may be

determined in part as a response to the polarization fluctuations as an attempt to

relieve its corresponding electrostrictive strain. The freezing of the polarization and

electrostrictive strains are coupled, however the freezing of the stress relaxations

due to the rotostriction is independent. Consequently the freezing temperatures of

the dielectric and anelastic relaxations may vary. The nature of the glassy phase of

PLZT may then different from that of PMN, because the strain inhomogeneity can

be partially relieved below Tf by the oxygen tilting. The elastic stiffness of PLZT-

10 is shown in Figure 8(b) for comparison. The dispersion in the response is

significantly less than for PLZT-7, and the temperature of the maximum softening

occurred near its respective maximum dielectric softening.

PLZT relaxors are known to have antiphase boundaries separating regions

which have a F-type superstructure (doubling of the unit cell) as found by Randall

using TEM (2). This is the same type of superstructure known to occur in the low

temperature rhombohedral phase of PZT due to the tilting of the oxygen octahedra.

A possible explanation is that the antiphase boundaries in PLZT separate polar

clusters with opposing tilts. The size of the antiphase regions and the reflection

intensity of the superstructure in PLZT-9 have been found to grow as the

temperature is decreased below OOC (Tf= 2600K) (2), unlike the scale of the

"fossil" chemistry in PMN (17) which is known to be static with decreasing

temperature. The rhombohedral rhombohedral boundary is close in temperature to

I
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the onset of growth of the antiphase regions and superlattice intensity for this

composition. The implication is that the coarsening of the antiphase domains occurs I
near and below the freezing temperature of the anelastic relaxations. The driving

force of the coarsening may be the minimization of the local elastic strain energy by I
partially relieving the inhomogeneity in the electrostrictive strains due to the tilting I
of the oxygens. Strain fields between precipitates are well known to influence the

phase separation process and coarsening in solid solutions (18). The tilting of the 3
octahedra occurs due to a softening of a R-point r25 mode in the high temperature

rhombohedral phase. It has been suggested that the softening of the 1725 mode 3
plays an essential role in the antiferroelectric phase transition near the PbZrO3 side

of the PZT phase diagram (19), consequently the possibility of antiferroelectricity inI

PLZT (65/35) as suggested by Randall should not be ignored as an alternative •

explanation.

Effective third order elastic constants for PLZT-8 and 10 are shown in 1
Figures 9(a) and (b) respectively, under zero bias. The temperature of the maximum

elastic softening under stress followed the rhombohedral rhombohedral boundary I
for all compositions investigated. The stress sensitivity of PLZT is well known

(1,20) and arises due to a large planar coupling coefficient. The microscopic origins N
of the elastic softening and large coupling coefficient may be due to a stress driven I
ferroelastic switching of the octahedral tilt, partially relieving the internal strain. The

natural elastic hardening is observed at higher temperatures, when the deformation I
process is much faster than the applied AC stress. The maximum nonlinearities can

then be expected at temperatures near the rhombohedral rhombohedral phase I
boundary for compositions having the largest strain inhomogeneity. The room

temperature (321) diffraction peaks for PLZT-7, 8, 9, and 10 at various bias levels

are shown in Figures l0(a)-(d) respectively. The width of the peak decreased with 3
increasing La content indicating that the inhomogeneity is maximum at lower La I

I
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contents. These results are in agreement with the compositional dependence of the

elastic nonlinearities shown in Figure 8(c), which are taken at the respective Tmax

for each composition. The maximum softening can be seen to occur between 7 and

8 atomic%. At higher La contents the magnitude of the softening was significantly

less which is in agreement with the strong decrease in the internal strain and planar

coupling coefficient (I). The effective third order elastic constant under 10 kV/cm is

also shown in Figures 9(a) and (b) for PLZT-8 and 10, respectively. The

magnitude of the softening decreased with increasing bias. This can be understood

as a decrease in the internal strain due to the alignment of moments. Consequently,

the internal deformation process is less stress sensitive.

The stress driven ferroelastic switching may essentially involve a micro to

macro domain transition. Stress induced macrodomain formation has been visually

observed for compositions between 4 and 8 atomic% La (1), but not for La contents

greater than 10 atomic%. This agrees with the compositional dependence of the

elastic nonlinearities, internal strain, and coupling coefficient. The morphology of

the antiphase domains in the absence of an ordering field, as observed by Randall

(2), is suggestive of an elastically isotropic environment. The isotropy may be a

reflection of the random freezing of the orientations of the local electrostrictive

strains. Under prolonged illumination, the morphology was switched to finely

aligned domains (2). The-observed elastic nonlinearities may then relate to stress

induced local elastic anisotropy and the establishment of long range elastic ordering

of the strains. The glassy character of relaxors is then destroyed by an ordering

stress which establishes a global equilibrium. In the composition range between 6

and 8 atomic% the crystal structure has been reported to depend on its orientation

with respect to an applied electrical or mechanical field (1), the so-called

polymorphism. This is the same composition range where the inhomogeneity in the

internal strain was maximum (see Figures l0(a)-(d)). The polymorphism may be a
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reflection of the local elastic isotropy of the unpoled state, and of a strong desire by

the macroscopic system to relieve the frustration associated with the internal strain.

When La is added to PZT, charge neutrality is preserved by creating lead

vacancies (21), one vacancy for every two La atoms. The role of La in the I
development of the relaxational character is probably to break the translational

symmetry of the polarization within the domains, either by heterogeneities in the

composition or the electric field associated with the defect structure. The net effect 3
is that the polar behavior is localized on a scale where relaxational processes can

contribute to the dielectric response. Between 4 and 7 atomic% La the magnitude of U
the response was dispersive, but there was no dispersion in Tmax at radio

frequencies until near 8 atomic% (see figure 3(a)-(d)). Figure 1 (a) shows a plot of

1/Tmax as a function of the ln((o) for PLZT-7 at DC bias levels of 0 and 4 kV/cm.

l/Tmax approached a constant value at approximately 40 KHz under 0 kV/cm, but

under 4 kV/cm the low frequency Tmax was much more dispersive. The dispersion 3
of Tmax under 4 kV/cm was modelled using the Vogel-Fulcher relationship (5),

shown as the solid line in the figure. An activation energy, freezing temperature, I
and pre-exponential factor of 0.086 eV, 380.50 K, and 1014 sec 1 were obtained

respectively. The remanent polarization as a function of temperature is shown in

figure 11 (b). The extrapolation of the collapse in the polarization to zero yielded a

temperature of approximately 1050C which is close to the freezing temperature.

Analysis of the results under 0 kV/cm yielded erroneous values for the parameters, I
for example a pre-exponential factor of 105. It is proposed that at the lower La

contents the inhomogeneity in the internal strain clamps the polarization •

fluctuations, and on application of i small bias the inhomogeneity is partially

relieved and the kinetics of the fluctuations enhanced. The clamping may occur by

local alignments of cluster moments, consequently slowing down the kinetics of the 3
polarization fluctuations. Local equilibrium configurations of moments on the scale I

!



I .of 100-200 AO have been proposed previously (22). On application of a field,

these configurations must be overridden before a global equilibrium can be

Iestablished. The broadening of the dielectric response at low La contents may also

Ibe caused by the strain inhomogeneity, and may not necessarily be related to a

distribution of local Curie temperatures as predicted by the Smolenski model (6).

The broadening of the response is significantly larger than for PMN.

Figures 12(a)-(d) show plots of LrImax as a function of the In(oz) for PLZT-

7, 8, 9, and 10 respectively. Each figure contains data under various bias levels.

With increasing La, the field dependence of the dispersion in Tmax decreased. The

dispersion under zero bias could not be effectively modelled for PLZT-7 and 8, but

reasonable results were obtained at all bias levels for PLZT-9 and 10. This is

probably a reflection of the compositional dependence of the strain inhomogeneity.

I The Vogel-Fulcher freezing temperature is tabulated in table 1, along side the

corresponding La content. Tf was determined by the temperature of the collapse in

3 the remanent polarization for PLZT-6 and 6.5. The compositional dependence of

I the second order nonlinear permittivity at Tmax (Xnl(Tmax)) is shown as a function

of composition in Figure 13 for comparison. Xnl was calculated from the field

I dependence of the permittivity using an expansion in even powers of the field (22).

The dielectric response was soft to small applied biases for La contents greater than

I 6.5 atomic%, and stiff for lower La content. The maximum softening was observed

between 7 and 8 atomic%, near the maximum field dependence of the dispersion in

I Tmax. At higher La contents, the response was nearly linear.

I The deviation from the Vogel-Fulcher freezing of the polarization fluctuations

may arise due to the frustration associated with the strain inhomogeneity. The

inhomogeneity depends on the La content which is probably a reflection of the

relative sizes of the cluster moments. The dipolar and quadrupolar interactions scale

I as 1/r2 and l/r3 , respectively. The maximum strain inhomogeneity will then be

I
I
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found near a critical composition when the density of polar regions is relatively

high, and the distances between them relatively small. This composition seemingly

occurs between 6 and 8 atomic% when the temperature of the rhombohedral

rhombohedral boundary approaches Tf. Even though the polarization fluctuations

are coupled to the fluctuations of the electrostrictive strains, their freezing

mechanism may vary as a function of La content reflecting a change in the dominant

field between cluster moments. The freezing mechanism may also vary as a

function of an ordering field, due to the removal of the strain inhomogeneity. The

changes in the dielectric and anelastic responses with La content can then be

understood as a reflection of the change in the nature of the glassy character. The

frustration in PMN has also been shown to have contributions from both dipolar

and quadrupolar interactions (13). The differences between the glassy behavior in

PLZT and PMN may relate to differences in the magnitude of the inhomogeneity,

and tilting of the oxygen octahedra.

A summary of the results are illustrated in a revised phase diagram for PLZT

(65f35) shown in Figure 14. The rhombohedral rhombohedral phase boundary, as

determined here, is extended to La contents upto 12 atomic%. The low and high

temperature rhombohedral phases are shown as F.E. rhom. I and II, respectively.

The relaxational character of the dielectric response of PLZ began to be noticeable

between 4 and 5 atomic% La which is illustrated as a dashed line in the diagram.

The temperature of the onset of local polarization, TBurns, is shown in the phase

diagram as a dashed line at 6230 K. TBurns is shown to exist for all La contents to

illustrate that the effect of the heterogeneity is incipient from the addition of very

small amounts of La. Although the equilibrium size of the relaxing units may be

determined by the heterogeneity, TBurns does not necessarily reflect the onset of

the relaxational process and the nature of the relaxor ferroelectric. At TBurns, local

distortions start to occur in a stiff matrix. At lower temperatures a perculation limit
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may be reached when the matrix can start to deform in response to the polarization

fluctuations, consequently the orientation of the electrosu-ictive strain may fluctuate.

An isothermal line, Tperc, is shown in the phase diagram to represent this

temperature. Evidence of such behavior has been found by Darlington (23) who

showed that an inhomogeneiry in the volume deformation saturated when an

inhomogeneity in the shear deformation started to develop at about 75 0 C below

TBurns. A dashed line is drawn in the diagram to represent the compositional

dependence of the 100 Hz Tmax, shown as Tmax. A solid line is drawn in the

diagram to represent the compositional dependence of the Vogel-Fulcher freezing

temperature, shown as Tf. The freezing temperature is shown to approach 0 K near

14 atomic% La which is close to the composition at which the local structure is

believed to be cubic (1). The rhombohedral rhombohedral phase boundary touches

Tf at approximately 8 atomic% La, and touches Tmax near 10 atomic%. This is the

compositional range where the strain inhomogeneity decreased markedly. The

phase region defined by TBums and Tperc is shown to have fluctuations in only the

polarization. The region defined by the line Tperc and the compositional

dependence of Tf is shown to have fluctuations in the polarization, local

electrostrictive strain fields (orientation), and tilting of the oxygen octahedra

(elastic). The region defined by the compositional dependence of Tf and the

rhombohedral rhombohedral phase boundary for La contents greater than 4

atomic% is shown to have fluctuations in the tilting of the oxygen octahedra, but the

polarization and electrostrictive strain are shown to be frozen. The region defined

by Tf at La contents above 8 atomic% and the rhombohedral rhombohedral phase

boundary for La contents between 4 and 8 atomic% is shown to have the

polarization, electrostrictive strain, and tilting of the oxygen octahedra all frozen.
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CONCLUSION

An extension to the rhombohedral rhombohedral phase boundary has been

proposed for La contents between 7 and 14 atomic% based on the compositional

dependence of the temperature of the maximum elastic softening. A frequency

dispersion of the elastic softening has also been found below the freezing

temperature of the polarization fluctuations (Tf), and interpreted as the kinetics of

internal strain relaxations due to the tilting of the oxygen octahedra. The glassy

phase in PLZT is believed to be different than PMN due to this additional

ferroelastic response. Tf has also been determined as a function of La content. A

revised phase diagram was then proposed which has different phase regions having

various combinations of freezing mechanisms.

-I
I

I
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THE DEPENDENCE OF THE GLASSY POLAR BEHAVIOR ON

CHEMICAL ORDERING IN RELAXOR FERROELECTRICS

Dwight Viehland, S.J. Jang, and L.E. Cross

Materials Research Laboratory, The Pennsylvania State University

Manfred Wuttig

Department of Nuclear and Materials Engineering, The University of Maryland

ABSTRACT

The complex susceptibility of lead scandium tantalate relaxor ferroelectrics has

been modelled for samples with varying degrees of long range chemical ordering.

The development of correlations between polar moments occured relatively sharply

near freezing in the highly ordered state, whereas the development of correlations in

the partially ordered state occurred over a broadened temperature interval. The

relaxation time distributions were also calculated. A sharp peak in the distribution

was found on freezing in the highly ordered state, characteristic of a distinct

condensation of moments. The distribution in the partially ordered state was diffuse

near freezing, suggestive of a more dispersive condensation. It is proposed that in

the highly ordered state. the polar moments freeze into configurations with

correlation lengths approaching the macroscopic scale typical of a normal

ferroelectric, whereas in the partially ordered state the moments freeze into a dipolar

glass phase.



I. INTRODUCTION

A relaxor is a ferroelectric material which exhibits a dispersion of the complex

susceptibility in the zero field cooled (ZFC) state, and which posesses a local

polarization to temperatures much higher than the radio frequency permittivity

maximum (Tmax) (1). In the ZFC state, the scale of the polar behavior is known to

remain smaller than the coherence length of x-rays (2) down to liquid nitrogen

temperatures. But in the FC state, a remanent polarization can be sustained up to a

characteristic temperature, and normal domains are observed.

Smolenski (3) originally proposed that underlying the relaxor behavior in

Pb(Mgi1/3Nb2/3)03 (PMN) was a positional disorder on the B-site cation leading

to compositional hetereogeneity and locally varying transition temperatures, which

effectively "diffused" the macroscopic transition. Randall (6) and Harmer (7) have

recently observed contrast on the nanometer scale in PMN using transmission

electron microscopy (TEM). It is believed that the contrast signals compositional

variation on the scale of approximately 50 AO. Setter (5) found the development of

a superlattice on annealing Pb(Scl/2Tal/2)03 (PST) relaxors, a corresponding

change in the relaxor behavior was also observed. In the annealed sample the

relaxor character was suppressed, whereas in a quenched sample it was enhanced.

Randall has also observed small scale contrast in quenched PST, but upon

annealing the scale of the contrast coarsened (8). Such coarsening and

corresponding change in the relaxor character upon heat treatment have not been

observed in PMN.

Cross (9) has proposed that the scale of the chemically homogeneous regions I
in PMN is such that the orientation of the spontaneous polarization can be thermally

agitated, analogous to superaparamagnetism (10). He has recently shown that the

polarization fluctuations undergo a Vogel-Fulcher type freezing (11), analogous to 3
spin and dipole glasses (12,13,14). It was suggested that correlations between I

U
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I superparaelectric sized moments were responsible for freezing, leading to a

broadening of the relaxation time distribution (15) and a deviation from Curie-

Weiss behavior (16). It is the intent of this work to study the dependence of the

glassy character on the degree of long range chemical ordering (LRO) in PST.

II. EXPERIMENTAL PROCEDURE

The data analyzed in this study was previously reported by Setter (5). Her

samples were PST single crystals grown by a flux method, and were aligned along

the (100) direction. The as grown single crystals had a high degree of long range

positional order on the B-cation site, S=0.80 (where S is the % LRO). In order to

introduce chemical disorder, crystals were soaked at 14000 C for 30 minutes and

Isubsequently air quenched, resulting in S=0.35. The complex susceptibility was

measured as a function of temperature between 120 and -70 0 C at a cooling rate of

I 20 C/min using a HP 4270A LCR meter. The measurement frequencies used were

1, 10, 102, and 103 KHz.

III. RESULTS AND DISCUSSION

I The complex susceptibility, X=x'+ix", of PST for S=0.35 and 0.8 are shown

in Figures I (a) and (b). A plot of Curie-Weiss behavior (C/(T-0)) is also shown in

Ifigure 1 (a), C and e were determined from high temperatures (*). The maxima of X'

and X" were supressed with decreasing LRO, and shifted to lower temperatures.

IDispersion of Tmax was observed in both samples, but the degree of dispersion

Iincreased with decreasing LRO. The dispersion of X' was also enhanced below

Tmax with decreasing LRO. At temperatures above 750C, the value of X' for both

Ithe S=0.35 and 0.80 responses exhibited Curie-Weiss behavior. At lower

temperatures deviation from Curie-Weiss behavior developed which increased with

Idecreasing LRO. The width of the absorption peak also increased with decreasing

ILRO, and became less dispersive. The value of X" was essentially frequency

independent below -40 and 50 C for S=0.35 and 0.80, respectively, reflecting a

I
I
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freezing. Similar behavior has recently been observed in PMN (15). The implication

is that the nature of the frozen state is strongly dependent on the degree of LRO,

changing from spin glass like behavior for S=0.35 to normal ferroelectric behavior

for S=0.80.

The dispersion of Tmax was modelled using the Vogel-Fulcher relationship,

1/x=l/oexp(-Eak(T-Tf)) where Ea is an activation energy and Tf a freezing

temperature. Minimum variance was obtained for lito equal to 1012 sec- 1 . Ea was

found to be 0.03 and 0.015 eV for S=0.35 and 0.80, and Tf equaled 233 and

2790 K respectively agreeing with the temperatures at which the stable remanent

polarizations collapsed (5). The modelling of the data is shown in Figures 2(a) and

(b). The deviation from Curie-Weiss behavior was also modelled using the

Sherrington- Kirkpatrick relationship (16,17); X'= C(l-q)/(T-0(1-q)) where C is the

Curie constant, e the Curie-Weiss temperature, and q a local order parameter. The

modelling was done using the 100 KHz permittivity data. The parameters C and e

were determined from high temperatures were Curie-Weiss behavior was observed, a
following a procedure previously described (16). The paramters C and 0 were, found

to be independent of the degree of LRO, having values of l.5xl05 and 310 0 K

respectively. This suggests that the temperature of the onset of local polarization

(Tburns) may also be independent of the degree of LRO. q as function of

temperature for S=0.80 and 0.35 is shown in Figure 3. For S=0.35, q decreased

nearly linearly between 200 and 3000 K, and seemingly tailed to zero near 3700 K.

For S=0.80, q decreased slowly between 200 and 260 0 K, and decreased

dramatically around Tf tailing to zero near 350 0 K. The tailing of q to zero occurred

more sharply in the highly ordered state than in the partially ordered, indicating the

development of characteristics of a normal ferroelectric transition.

The development of LRO has been shown to occur by the coarsening of B-site a
cation ordered regions (8). These regions were on the scale of 2-5 nm in the partially



I
I ordered (quenched) state (similar size as in PMN), and the relaxor behavior is

pronounced. In contrast in the highly ordered (annealed) state the scale of the

regions was nearly 500 nm, and the relaxor character suppressed. These

observations suggest that the relaxor behavior reflects the degree of LRO, and

consequently the scale of the spontaneous polarization. The larger the scale of the

chemical inhomogeneity, the larger the scale of the homogeneously polarized

regions, consequently strong correlations can develop and the relaxor character is

I suppressed. The inhomogeneity may prevent the development of correlations by

i breaking the local translational symmetry of the polarization, "diffusing" the

dielectric response in a manner which reflects the temperature dependence of the

I development of correlations. The sharp change in q near Tf for S--0.80 shows that

correlations develop relatively rapidly over a small temperature interval, and

I suggests that the moments may freeze into ordered configurations with correlation

lengths approaching the macroscopic scale similar to a normal ferroelectric. The

evolution of the normal ferroelectric state may occur by the development of

I correlations sufficiently strong to override the chemical inhomogeneity which

prevent long range polar ordering in the quenched state. The decrease in the tailing

i of q to zero above Tf with increasing LRO also indicates that the development of

correlations between moments are occuring over a sharper temperature interval.

m Freezing of the fluctuations may occur when q reaches a certain value.

Assuming this value to be 0.3, it can be seen that the temperature interval (AT) from

q=0 to 0.3 is larger for S=0.35 than 0.80. The Vogel-Fulcher relationship is

I believed to phenomelogically describe a temperature dependent correlation length

between Debye relaxators (18,19). It is proposed that the decrease in Ea with

I increasing LRO is a reflection of the sharper temperature interval over which

i correlations develop. The smaller the temperature interval, the smaller the dispersion

I
I
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in Tmax, consequently the smaller Ea. At the limit of AT approaching zero, Ea is

zero, and quite simply a normal ferroelectric transition occurs.

On zero field heating from the field cooled state to temperatures below Tf and

subsequently recooling, it has been shown that the macroscopic polarization does

not return to the initial value in the partially ordered state but rather remains at the

value of the highest temperature reached (20). Whereas in the highly ordered state Pr

tends to return to its initial value on recooling. These results show that the

polarization mechanism of the disordered state is glassy, as discussed previously for

PMN (21). The mechanism in the highly ordered state has characteristics of a normal

ferroelectric, in which the temperature dependence of the spontaneous polarization is

in part governed by Landau-Devonshire phenomenology.

The dielectric response of PMN has been modelled by assuming a distribution

of relaxato-s (15), by analogy to spin and dipolar glasses (22). Following the

previous procedure, X" can be approximated by;

X"(T,z) = X'o(T) G(T,r) (1)

where G(T,t) is the distribution of relaxation times, X'o(T) the low frequency limit

of x'(T,c0), and r=co-. The isotemporal cross sections, G(ro,T), as a function of

temperature are shown in Figure 4(a) and (b) for S=0.35 and 0.80, respectively. For

S=0.35 the relaxation time distribution increases distinctly near Tmax, and then

decreases slowly with decreasing temperature presumably approaching zero near

0°K. With increasing frequency, the edge of the distribution moved to higher

temperatures. For S=0.80 similar behavior was observed, but a sharp maximum in

G(,ro,T) was observed at Tf. Above Tf the edge of the distribution was not

significantly dispersive in the frequency range investigated, and below Tf G(ro,T)

was much smaller than for S=0.35. The sharp maximum in G(To,T) near Tf for

S--0.80 indicates that there is a distinct condensation of moments. This sharp

I
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condensation is somewhat characteristic of a phase transition, rather than a freezing

into a glassy state.

Temperature dependent relaxation time spectra for S=0.35 and 0.80 are

proposed in Figures 5(a) and (b), respectively. Both figures show the isothermal

width of the spectrum becoming very broad near Tf, approaching the macroscopic

time regime. The shortest relaxation time ('rmin) is shown to approach macroscopic

times only at temperatures far below Tf for both distributions. The shape of the

Idistribution for S=0.80 is shown to be much less frequency dependent than for

S--0.35, remaining relatively independent until microscopic times. The temperature

of the maximum relaxation time (tmax) is also shown to be much less dispersive

than for the disordered state, again only becoming frequency dependent in the

microscopic regime. In the microscopic regime the distribution for S=0.80 is shown

to sharpen more rapidly with increasing temperature than for S=0.35. At higher

temperatures, rtmax is shown to approach tdebye near Tburns for both distributions

illustrating the fact that the temperature of the onset of local polarization is not

significantly dependent on the degree of LRO. In the limit of S=I the distribution

would continue sharpening around Tf, tmax would be nondispersive until

frequencies approaching 'tdebye, and the distribution would be skewed more

towards macroscopic times at Tf.

I A summary of the results are illustrated in the phase diagram shown in Figure

6. The region bounded by 0 and Tf is shown to have the polarization thermally

fluctuating. The polarization fluctuations are shown to freeze into a glassy phase for

Ilow degrees of LRO. This glassy behavior has previously been shown to arise due

to correlations between superparaelectric moments (11,15,16,21). The phase

Iboundary is extrapolated to 0°K at a finite degree of LRO. The extrapolation was

done to illustrate the fact that below a certain chemical cluster size, superparaelectric

effects will not be observed. The polarization fluctuations are shown to freeze into a

I
I
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ferroelectric phase with rhombohedral symmetry for high degress of LRO. The

boundary between the spin glass and ferroelectric phases is dashed in, but in reality

there is probably a gradual transition from the glassy state to the ferroelectric state.

The paramters 0 and Tburns are shown to be essentially independent of the degree

of LRO, indicating that they are solely determined by the macroscopic composition.

The value of Tf is shown to approach 0 as the %LRO approaches one, indicating the

relaxor character is incipient from small degrees of disorder.

IV. CONCLUSIONS

The deviation from Curie-Weiss behavior has been modelled for PST samples

with various degrees of long range chemical ordering. A distinct increase in

correlations between moments was found near Tf in the highly ordered state. It was

consequently proposed that the polarization fluctuations "freeze" into a ferroelectric

state in the highly ordered samples, and into a dipolar glass state in the partially

ordered. The relaxation time distributions were also calculated for both the highly

and partially ordered states, and a phase diagram as a function of the percentage long

range order proposed.
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LIST OF FIGURESI
Figure 1. (a) The dielectric permittivity (X') of PST for S= 0.35 and 0.80 as a

function of temperature at measurement frequencies of 1, 10, and 102 KHz. The

top curve is the lowest frequency and the bottom the highest. (b) The imaginary part

of the dielectric response (X") as a function of temperature for measurement

frequencies of 1, 10, and 102 KHz. The bottom curve is the lowest frequency, and

the top the highest.

Figure 2. Inverse of the temperature of the permittivity maximum as a function of

the measurement frequency for PST. (a) S=0.35, and (b) S=0.80.

Figure 3. The reduced 100 KHz RMS polarization (q) as determined from the

deviation from Curie-Weis behavior.

Figure 4. The relaxation time distribution of PST for S=0.35 and 0.80 as a

function of temperature at various measurement frequencies. The bottom curve is

the lowest frequency, and the top curve the highest.

Figure 5. Diagram illustrating the proposed temperature depedent relaxation time

spectrum for PST. Where G(r) is the number of polar regions having a relaxation

time t, Tf is the freezing temperature, and td is the Debye frequency. (a) S--0.35,

and (b) S=0.80.

Figure 6. Phase diagram of PST as a function of percentage long range chemical

ordering. Where Tf is the freezing temperature, and 0 the Curie temperature.
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AN INVESTIGATION OF THE STRUCTURAL AND DIELECTRIC PROPERTIES

OF THE SOLID SOLUTION SYSTEM (I-x) Pb(Scl/2Ta/2)03 - (z) PbTiO3t

J.R. GINIEWICZ. A.S. BHALLA. and L.E. CROSS
Materials Research Laboratory, The Pennsylvania State University, University Park.
Pennsylvania - USA
(Received for Publication June 27, 1990)

Abstract The preliminary characterization of the structural and dielectric
properties of compositions from the solid solution system (I-x) Pb(Scti2Tati2)03
- (x) PbTiO3 is presented. A morphotropic phase boundary between rhombohedral
(pseudocubic) and tetragonal compositions is observed to exist between x = 0.4 and
x = 0.45. A wide range of dielectric response is exhibited by the various
compositions investigated ranging from the diffuse dispersive response
characteristic of relaxor - type ferroelectrics to the sharp K(T) response associated
with normal ferroelectrics. A high dielectric constant maximum is observed for
all compositions with a peak K(max) of 33000 occurring for x--0.4.

INTRODUCT'ION

A relaxor ferroelectric is generally characterize& -,j the following: (a) a diffuse and
dispersive dielectric response as a function of temperature and frequency in the radio
frequency range, (b) a quadratic dependence of the inverse permittivity on
temperature, (c) a remanent polarization, P(r), which does not exhibit a sharp
transition but rather gradually varies through a broad range of temperatures so that
the maximum spontaneous polarization. P(s), occurs only at temperatures well
below that of the dielectric maximum and, (d) a pseudocubic nature whereby there is
observed virtually no optical anisotropy or x-ray diffraction line splitting when
specimens are cooled to very low temperatures. Typical relaxor materials have either
a perovskite or tungsten - bronze stucture.

Perovskite relaxor ferroelectrics of the form ABO3 generally occur with the A
and/or B-sites shared by two or more cations of the appropriate valence and ionic
radii. The weak field dielectric permittivity and Tana as a function of temperature
and frequency exhibit broad dispersive maxima characteristic of a diffuse
ferroelectric transition This behavior has been described by the theory of
"compositional fluctuations" in which local variations in composition lead to the
formation of ferroelectric (polar) and paraelectric (non-polar) microregions on the
order of 100 - 200 A. I Each polar region will possess its own Curie temperature
dependent on its.local composition so that the material as a whole will proceed
through the transition over a range of temperatures known as the Curie range. Polar
regions with volumes on the order of 100 (A3) are unstable against thermal agitation
and, hence, the distribution and relative density of the microregions are strongly
temperature dependent. 2

The material of interest in this study is Pb(Sct/2Tai/2)03 (PST), a relatively
simple system whose degree of ordering can be easily "adjusted" by the appropriate
heat treatment and is readily characterized for its degree of order by x-ray diffraction.
Previous investigations of this material were concerned chiefly with the unmodified
compound and correlated the occurrence of relaxor behavior, as evidenced by the
tCommuncated by Dr. George W. Taylor
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dispersion of K(T) in the radio frequency range, with the degree of ordering. 3-5
This study extends this previous work by considering the solid solution system of
(l-x) Pb(Sct/2Tait2)03 - (x) PbTiO for which a variety of order/disorder
conditions exist as a function of composition. This system is unique in that, unlike
other complex systems of its kind, it could conceivably cover the entire spectrum of
ferroelectric behaviors specifically associated with the three main catagories of
structural ordering6 indicated in Table 1 for this family of materials. Based on the
preliminary results of this study. it appears that the system (I1-x)Pb(Scl/2Tai/2)03 -
(x)PbTiO3. being of variable structural order both by means of heat treatment and
compositional variations, will exhibit the representative ferroelectric behavior of all
three states of structural order shown in Table 1. This "all-in-one" system could
thereby be or considerable importance in further elucidating the fundamental nature
of relaxor ferroelectric: materials as it correlates to structural (dis)order.

In this preliminary investigation of the solid solution we have sought to locate thea
morphotropic phase boundary region by means of x-ray diffraction and dielectric
measurement. The effect of compositional variations on the nature of the
ferroelectric behavior as evidenced in representative K(T) / D(T) curves was also
examined.

TABLE 1. Classification scheme of the complex lead perovskites.16

ORDER TYPE DISORDER SRO URO

FERROELECTRIC BEHAVIOR NORMAL RELAXOR NORMAL
FE /AFE FE/AFE

MATERIALS PMN-PMN-PT PMN4:PMN.PT PIN

P'D4: PZN- PT PZN: PZN - PT PST

PZT PST I PSN PSN

(11-z)PST - MPT (t-z)PST (z)PFT (1-%)PST -(zIPT

SAMPLE PREPARATIONI

Ceramic samples of compositions (l-x)Pb(Sci/2TalI2)03 - (x)PbTiO3 Ix: 0. 0.025.
0.05. 0.1. 0.2. 0.3. 0.4. 0.45. 0.51 were prepared by a conventional mixed oxideI
technique employing the wolframite precursor method7 in order to reduce to the
occurrence of undesirable pyrochlore phases. Starting oxides Sc2O3t and Ta2Osl
were initially batched and double calcined at 1400 0C for 4 hours to form theI
wolframite 8 [ScTaO4] precursor phase. The compositions of interest were then
formulated from PbOt. TiO2t. and ScTaO4i. ball milled with zirconia media for .6
hrs and subjected to double calcination in closed crucibles at 900 *C for 4 hours
and 1000 *C for 1 hour. Pellets [1.25 cmj in diameter were formed and sintered in
tPbO (Johnson Matthey - Mateniali Technology UK - Grade AlQ. Sc203 (Boulder Scieniic Co. -
99.99%1; T&205 (Hermann C. Starck (Berlin) -Stand. Opt. Grade); 1102 (Aesar (Johnson

Matthey Inc.) - "9."9%)
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sealed crucibles at temperatures ranging from 1400-1560 *C and for times [0.5 - 1.5
hours] depending on the sample composition. Source powders of PST and PbZrO3
were used to maintain a suitable Pb atmosphere within the crucibles. Total weight
losses after sintering were typically S 1 % for compositions [x 2 0.21 and somewhat
higher. 2 - 5%. for those with (x < 0.21 for which the higher sintering temperatures
were required.

Samples prepared for the x-ray diffraction study described in the next section
were all sintered at 1400 *C for 1 hour and ground to a powder for measurement.
Specimens for dielectric testing were cut as blocks from the sintered disks typically
10.75 cm] on edge and [0.15 cm] in thickness. The sample surfaces were ground
[12 pm A12031, cleaned, and sputtered with gold. Silver contact points were applied
to the gold sputtered surfaces.

X-RAY DIFFRACTION

Structure type, lattice parameter. theoretical density, and the degree of long range
structural ordering were determined for each composition by means of x-ray
diffraction using a Philips APD3600 automated x-ray diffractometer and are recorded
in Figure 1 and Table 2. Cu Ka radiation was employed. Scans were made on
powder samples incorporating a Si [SRM 6401 standard over a range.of 42 - 52 *
(20) at a rate of 10.25 0 / mini and the 200 and 210 reflections were used to
determine lattice parameters and to identify the region of the morphotropic phase
boundary. Compositions for which Ix < 0.4] are pseudocubic with lattice
parameter, a, that decreases with increasing PbTiO3 content as shown in Figure 1.
The density also decreases with increasing x [Table 2). Compositions Ix > 0.451 are
tetragonal. The observations recorded in Figure 1 along with the associated values
of Kmax(x), to be described further in the next section, indicate that the
morphotropic phase boundary lies in the composition range between x = 0.4 and
x = 0.45.

The degree of structural order was evaluated by means of the long range order
parameter, S, which is defined in terms of the relative intensities of the superlattice
and normal lattice reflections as:

$2=[suPer [norm a (1)[ In-n'r] obs. u Ispr] calc.

where the superlattice / normal reflection pairs generally employed are 111/200 and
311/222. 35 The long range order parameter, S, describes the average distribution
of ions sharing the B-site; a completely ordered arrangement of ions has S=1 while
a completely disordered arrangement is denoted by S-O. The calculated ratio in
Equation (1) is determined for the completely ordered condition IS= I I and takes on
values 1.33 and 0.59 for the 111/200 and 31 1/222 pairs respectively. 5

The long range order parameter. S, was determined for samples in this series for
which (x=0.025 - 0.11. all of which retained some degree of order as evidenced by
the presence of superlattice lines at the sintering and / or calcination steps of the
processing agenda. The 1111200 reflection pair was recorded at a scan rate of
II */min) and used to evaluate S in these cases. It is seen [Table 2) that some
ordering may still be retained for the fx--0.0251 and (x--O.05J specimens which were
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TABLE 2. Volume. X-ray density, and S parmeter for (l.x)Pb(Sc 112Ta1)03-
(x)PbTiO3.

Yol. (A) S .D5enst(Ir rer.

O 67.52 9.051I

6.025 67.47 0.6 9.021

0.6$ 67.32 0.5 9.002

0.1 66.92 0.0 8.975

0.2 66.58 8.855

0.3 66.09 8.760

0.4 65.50 8.674

0.4S 65.40 8.606

0.5 64.92 8.585

0.0 0.1 0.2 0.3 0.4 0.3 0.6
a , (A ) 4 0 1 , • . . . . . ,4 0 0 0 0 K ( m a i )

o U4.06

, ;30000
4.04

4.02 , 00

4.00 
a

Sa .c (A)

3.91 I . 10000

0.0 0.I 0.2 0.3 0.4 0.5 0.6 4 K(mlu)

FIGURE I Lattice parameter and K(max) as a function of x.
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Ssintered at a somewhat lower temperature than what was employed to produce the
denser samples for dielectric measurement. Superlattice lines were also persistent in
[x=0.11 calcined powders indicating a degree of order IS = 0.35) but were not
observed in the sintered samples. Samples of all three compositions, x = 0.025.0.05, 0. 1, fired at temperatures 2 15000 C do not possess superlattice peaks. It hasyet to be determined if the superstructure detected for the specimens prepared at

lower temperatures reflects a true ordering of the solid solution phase or simply that
associated with remnant Pb(Sci/2Tat/2)O3. A more thorough investigation of these
compositions is currently underway to better establish both the degree of order that is
retained with small concentrations of PbTiO3 and the range of compositions for
which some long range order persists. It is anticipated that for those compositions
very near to pure PST there will still be present considerable structural ordering
which, as for PST. may be affected by heat treatment. The optimum degree of
ordering realized in these specimens will likely be limited by the concentration of Ti
ions whose presence is expected to shorten the coherence lengtht of the ordering.

DIELECTRIC BEHAVIOR

IThe dielectric constant. K, and dissipation factor, D, were measured as a function of
temperature and frequency using an automated system consisting of an oven (Model
2300, Delta Design Inc.), an LCR meter (Model 4274A. Hewlett Packard Inc.), and
a digital multimeter interfaced with a desk top computer (Model 9816. Hewlett
Packard Inc.). Dielectric runs were made over a temperature range of [-150 - +260

*C] and at frequencies of 100 Hz. I KHz, 10 KHz and 100KHz.
The data recorded in Table 3 and plotted in Figures 2 and 3 were taken on cooling

at I KHz. A steady increase in K(max) is observed for compositions up to [x = 0.41
beyond which there is seen a decrease in the maximum value of the dielectric
constant [Table 3 ; Figure 21. The temperatures of K(max) and D(max) are both
seen to increase markedly with increasing x. The extremely high value of K(max)
obtained in the vicinity of the morphotropic phase boundary is worthy of note since
it is indicative of strong piezoelectric. pyroelectric, and electrooptic responses.

The existence of relaxor nature for the various compositions is reflected in the
values of the diffuseness coefficients a and b(3/4) [Table 31. the difference [T(Kmax)
- T(Dmax)} (Table 3 ; Figure 31. and in the degree of dispersion observed ft. -(T) /
D(T) in the vicinity of the Curie range (Figure 41. The diffuseness coefficient. c. is
the most representative physically of the true relaxor nature of the material as it is
derived directly from the quadratic dependence of [I/K] on temperature.

characteristic of this class of ferroelectrics. This quadratic dependence has been
described in conjuction with the "composition fluctuation" model. 10-12 A large a
value reflects a strong relaxor type response. The coefficient b(3/4) is the width of
K(T) at values (3/4 K(max)]. It is a measure of diffuseness frequently employed by
Stenger. et al. 5 to characterize the relaxor nature of PST and. hence, is presented
here with the more conventional parameter, a, to facilitate comparison with earlier
results on PST. A large value of b(3/4) indicates a strongly diffuse K(T)
characteristic, but does not in itself completely reflect the relaxor nature of the
material.

I tThe coherence length is defined in terms of the size of ordered domains as determined by TEM. 6

I
I
I
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TABLE 3. Dielectric data for (I-x)Pb(ScIZTahj2)03 - (x)PbtO3.

£ K(max) T C D(max) T c T31) * I Density(xrdI

0 S O.] 17500 1 - 0.07 -1 43595

0.025 10900 9 0.08 -30 58 43 87
0.05 14000 26 0.07 -13 49 38 92
0.1 19800 39 0.06 18 38 34 920.2 21200 89 0.06 77 32 28 88

0.3 27800 134 0.04 117 33 26 93
0.4 33000 192 0.04 169 27 22 94

0.4 25100 204 0.04 201 23 94
0.5 17000 247 0.05 247 19 86

40000,

30000 

K d
C

20000

100003

0U
-200 -100 0 1;0 200 300

T C

FIGURE 2 K(T) at IKHz for (bold curve) PST, (a) x= 0.025. (b) x--0.05. (c) x=0.1.
(d) x=0.2. (e) x=0.3, () x--0.4, (s) x--0.45, and (h) 0.5.

Ia
I
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It is seen from the data appearing in Table 3 and Figure 3 that with increasing x
the relaxor type response of the material is steadily decreasing as evidenced by the
decrease in the coefficients a and b(3/4) and the reduction in the difference between
the temperatures of K(max) and D(max). The change in the shape of K(T) and the
magnitude of K(max) with x at I KHz is shown in Figure 2 where there is
observed a definite sharpening of the peak as x approaches the morphotropic phase
boundary and the steady increase of K(max) up to x = 0.4 followed by a reduction
in K(max) through the morphotropic phase boundary region. The dispersion of
K(T) is also observed to become considerably less with increasing concentrations of
PbTiO3 as shown in Figure 4 for compositions [x: 0.025, 0.3, 0.51 respectively.
Hence, we see for this solid solution system a wide range of ferroelectric behaviors
extending from full relaxor to normal ferroelectric responses which are dictated by
both the variations in structural ordering, which develop with the addition of Ti ions
to the B-site of the perovskite lattice, as well as to the transformation of the structure
to that of the normal first order ferroelectric PbTiO3.

30000 0.20

b 0.16

20000

I K 0.8 D

10000 
-0.09

I 0.04

0 0.00
-200 -100 0 TC100 200 300

FIGURE 3. K(T) and D(T) at I KHz for (a) x=0.025. (b) x=0.3. and (c) x--0.5.T SC

i Compositions from the solid solution system (I-x)Pb(ScII2TaI/2)03 - (x)PbTiO3
were prepared as ceramics through x = 0.5 in order to identify the region of the
morphotropic phase boundary and to monitor the effect of increasing PbTiO3 content
on the dielectric response. The morphotropic phase boundary was observed to lie in
the composition range between x--0.4 and x=0.45. The dielectric constant, K, and
dissipation factor, D. were measured as a function of temperature and frequency.
The maximum dielectric constant was observed to increase steadily on approaching
the morphotropic phase boundary with increasing x reaching a peak value of 33000
for the x--0.4 composition beyond which the dielectric constant maximum was
observed to decrease. The dielectric response becomes less diffuse and dispersive
with increasing PbTiO3 content reflecting a decrease in relaxor type behavior.
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30000'

b

20000
K

10000 

l

.200 -100 0 100 200 300
T *C

FIGURE 4. Dispersion of K(T) at 100 Hz. I KHz. 10 KHz, and 100 KHz for (a)
x--0.025. (b) x--0.3. and (c) X--O.5.
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DIELECTRIC BEHAVIOR OF SINGLE CRYSTALS NEAR THE (l-x)
Pb(Mgl, 3 Nb2/3)Oa.(X) PbT1O3 MORPHOTROPIC PHASE BOUNDARYt

THOMAS R. SHROUT, ZUNG P. CHANG, NAMCHUL KIM, and
STEVEN MARKGRAF
Pennsylvania State University, Materials Research Laboratory,
University Park, PA 16802
(Received for Publication August 22. 1990)

b(gfb)O (xPbi3sldsltosyemwrgrwusnAbstract. Single crystals in the lead magnesium niobate-lead titanate-(l-x)
flux growth technique. Crystals over the compositional range of
0.3 !5 x :5 0.4 being near the rhombohedral (pseudo-cubic)-tetragonal
morphotropic phase boundary were characterized. The dielectric behavior
along the pseudo cubic 1111]I and 1 100] directions were measured as a
function of temperature and frequency. The effect of poling was also
examined.

INTRODUCTION

The complex perovskite lead magnesium niobate [Pb(Mg 113Nb213)031,
hereafter designated PMN, exhibits a diffuse phase transition (Tc - 10'Q andI strong frequency dispersion in the dielectric behavior characteristic of a relaxor
ferroelectric.(1 ) In solid solution with the simple perovskite PbTiO3 (PT), which
exhibits a normal ferroelectric transition @ 490TC, the existence of a morphotropic
phase boundary (MPB) has been reported.(2) The MPB separating the
rhombohedral (pqeudo cubic) and tetragonal phases was reported to occur at
x = 0.4 PT, but with improved processing, (columbite precursor method)(3)
occured at approximately x = 0.33 PT (see Fig. 1).(4) As found for other solidI solution systems, both normal (PbZrO3-PbTiQ3)(5) and relaxor type PZN
Pb(Zn 1/3Nb2/3)03- pT,(6) compositions near the MPB exhibit anomalously high
dielectric aikd piezoelectric properties making them candidates for a wide range of
applications. To date, however, only polycrystalline PMN-PT materials have been

ea It w~~as the purpose of this work, to grow single crystals of PMN-PT near

the MPB and to determine their dielectric and ferroelectric related properties.
Thmis paper was originally presented as dhe Seventh Interrnional Meeting of Ferroelectnocify, Saurbrucken. F.R. Germany.
August 23 Io September 1. 1989.

I ?Cosnmunicsted by Dv Geor. W. Taylor 63
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EXPERIMENTAL PROCEDURE

Single crystals in the (l-x) PMN-(x) PT solid solution system were grown
from a PbO-B2 0 3 flux (mole ratio 2.65:0.35) similar to that previously reported.U)
The starting materials were completely reacted perovskite powder (reagent grade)
with compositions x = 0.30, 0.35, and 0.40. all prepared using the columbite
precursor method described by Swartz and Shrout.(3) The compound to flux ratio
1:3 was used. The reagents were mixed and charged in a platinum crucible
(- 100 ml) and heated to - 1150"C. Upon soaking for 10 hrs, the charge was
slowly cooled at a rate of 3C/hr to - 950'C and then to 800"C at 5C/hr and finally
to room temperature at 500"C/hr. The flux was removed by dissolving in a dilute
nitric acid solution.

The crystals grown ranged from a few mm up to - I cm on a side, being
light yellow, but dark brown with increasing size. The darkness of the crystals is
believed to be the result of point defects as found for flux grown PbTiQ 3
crystals,(8 ) thus the smaller crystals were mainly employed in this work. The
crystals were generally in the form of simple cubes with (100) faces. X-ray
powder diffraction of crushed crystals was used to confirm phase purity and to
determine the structure and unit cell parameters.

In preparation for the dielectric measurements, samples in platelet form with
the major face normal to the pseudo cubic ( 1111 or (100) directions were prepared
and electroded with sputtered on gold. Dielectric measurements (K and loss) were
carried out as a function of temperature and frequency (0.1, 1, 10, and 100 kHz)
for both unpoled and poled states. For ferroelectrics with diffuse phase transitions,
the law, I/K - (T - To) 2 , is found instead of the normal Curie-Weis law, from
which the level of diffuseness (8) was obtained. Poling was achieved by field
cooling (=- 10 Kv/cm) through Tc to room temperature. The piezoelectric constant
d33 was measured on a Berlincourt d33-meter.

RESULTS AND DISCUSSION

Physical and dielectric characteristics of the various crystals are reported in
Table I. As presented, x-ray powder diffraction revealed them to be single phase
possessing rhombohedral symmetry. Though it was anticipated that the
0.6 PMN-0.4 PT crystals be tetragonal, the observed rhombohedral (pseudo-cubic)
symmetry was probably the result of compositional gradients.

The temperature dependence (on cooling) of the dielectric constant K for the
various crystals, in general, increased with increasing PT content, as well as the
sharpness (less diffuse) of the transition (see Fig. 2). The level of diffuseness for a
relaxor ferroelectric, 6, as presented in Table I, also reflected the degree of order of
the materials. However, as reported in Table I and shown in Fig. 1, a range of Tcs.
(Kmax @ 1 kHz) were observed for all starting compositions with the largest
deviation found for 0.6 PMN-0.4 PT again indicating compositional variations. A
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TABLE I. Physical and Dielectric Properties of PMN-PT MPB Crystals.

Growth Lattice Parameters +Piezo d33

Composition A Tc (*C) 68C) (pC/N)

0.7 PMN-0.3 PT a = 4.0196 120-155 31-24 1000-1500
a =89"49' (- 300)

0.65 PMN-0.35 a = 4.0165 150-170 23-22 900-1100
a =89"48' (-550)

0.6 PMN-0.4 PT a = 4.017 160-203 20-18 1000-1500
c= 89"44' (- 350)

+Piezo d33 for pseudo-cubic 1100] and value in parenthesis for [11 11.

range of Kmax was also observed (20,000-60,000) with no clear correlation of
optimum dielectric properties corresponding to a MPB being determined. The
dielectric loss behavior was found to be typical for PMN-PT and thus was not
shown. Variations in Tc for relaxor type MPB materials was not surprising. Not
only do you have the coexistence of two ferroelectric states (rhombohedral and
tetragonal), being relaxors (rhombo side) you also have the presence of
micro-regions possessing a statistical distribution of Tcs. In addition, the
coexistence of a tetragonal phase may influence the relaxor type behavior.

As presented in Fig. 1, the MPB for PMN-PT is curved indicating
successive phase transitions from rhombohedral I&I tetragonal R& cubic upon
heating. This behavior is marked by anomalies in K vs. T curves as shown in Fig.
3a, whereby the highly diffuse TR.T transition is evident by a change in slope.
Such anomalies were observed in both [100] and [1111 plates, being pronounced
for those which possessed Tcs near the reported MPB boundary. Upon poling, the
multiple transitions were enhanced with the TR.T transitions shifting down for
[1001 and up for 1111, but other influences existed. What were believed to be
TR-T transitions (see Fig. 3b) are actually macro -> micro domain transitions near
TR-C similar to that observed in PLZT.(1 1) Poling also influenced the level of Kmax
being increased for the more rhombohedral compositions (0.7 PMN-0.3 PT) and
decreasing for the higher Tc and hence more tetragonal materials. This behavior is
exemplified in Fig. 4, where upon poling, the R-T region and associated
permittivity increased while the T-C region showed normal ferroelectric behavior,
that is, less diffuse with little frequency dispersion due to macro-domain pinning.
The piezoelectric properties of the various crystals are reported in Table I, again
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showing variations. The piezoelectric d33 (1001 values found to be vety high
> 1000 pC/N. whereas, the d33 values in [1ll] plates were much lower,
approximately one third to one half. The fact that the piezoelectr-ic constants are
larger n the non-polar axis was also found in the PZT-PT system.(9)

250 1 1 1 *

A (111) 7:0 PMN-PT

A (100)

(1165:35 Cubi
Is 150 0 (100) Cbi

* (111)
* 060:40
1 0 (100

6

Pseudo-cubic ITtaoa
(rhonibohedral)

-50 * I * p _ __ _ _ _ _

0 .0 0.1 0.2 0.3 0.4 0.5
Mole (x PT

F71GURE 1. The PMN-PT Phase System Showing the Reported(4) MPB. Data
Shown is for Single Crystals Grown in this Work.

SUMMARY

(1) Single crystals in the lead magnesium niobate-lead titanate (l-x)I
Pb(Mglj3Nb2/3 )O3 -(x) PbT1O3 solid solution (x = 0.3. 0.35, and 0.4) were
grown using a PbO-B203 flux growth technique.

(2) Variations in composition associated with growth parameters or the complex1
nature of relaxor ferroelectrics near a MPB, were reflected in the range of
Tcs, for a given starting composition.
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FIGURES 2a,b. The Dielectric Constant K Versus Temperature on Cooling for (a)
0.7 PMN-0.3 PT [ 111 (Left) and (b) 0.6 PMN-0.4 PT [100) (Right).
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and Poled 0.65 PMN-0.35 PT [100] (Left) and (b) Unpoled and Poled
0.7 PM N-0.3 PT [I111] (Right).
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FIGURE 4. The Dielectric Constant K Versus Temperature for Both Poled and
Unpoled 0.7 PMN-0.3 PT [100] Crystal.
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(3) Though x-ray diffraction revealed rhombohedral symmetry for all
compositions, the dielectric temperature behavior revealed the successive
transitions from rhombohedral -> tetragonal -> cubic as indicated by the
MPB being curved.

(4) Upon poling, a macro-micro domain anomaly was observed in
compositions exhibiting a TR..C transition. Poling also influenced the TR.T
and TT-C transitions, by enhancing the dielectric anomaly of TR through
macro domain pinning of the tetragonal component, thereby greatly
reducing relaxor type behavior.

(5) The piezoelectric coefficient d33 [100J was found to be =_1050-1500 pCIN,
similar to that observed in PZT-PT MPB compositions.
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CIARACTERIZATION OF (1-x)Pb(Mgl/3Nb2/3)O3 - (x)PbTiO3 AND Pb(Scl/2Tal/2)O3
TRANSPARENT CERAMICS PREPARED BY UNIAXIAL HOT-PRESSING

J.R. GINIEWICZ, D.A. MCHENRY, T.R. SHROUT, S.-J. JANG and A.S. BHALLA
Materials Research Laboratory, The Pennsylvania State University, University Park, PA

U.S.A.

F. W. AINGER, Plessey Research (Caswell) Limited, Caswell Towcester, U.K.

Abstract Transparent relaxor ferroelectiic ceramics of(l-x)Pb(Mgi/3Nb2/3)03-(x)PbTiO3
and Pb(Scl/2Tal/2)03 have been prepared by low temperature uniaxial hot-pressing. The
ceramics are highly dense ( > 99.5 % theor.) and transmit throughout the visible. The
addition of excess PbO and La203 and post-pressing heat treatment are found to enhance
transparency. The ceramics have been characterized for phase purity, development of
microstructure, dielectric behavior and optical transmission in order to determine optimum
conditions.

INTRODUCTION

Considerable interest is curTently focused on the optical and electro-optical character of relaxor

ferroelectric materials. The excellent electro-optic response, switching time, and half-wave

voltages, Vx, distinguish these materials as promising candidates for a variety of electro-optic

device applications. I Further, optical / elecur-optical property measurements on transparent

relaxor compositions provide important new data useful for a more thorough understanding of

the material's diffuse nature.2-3 Transparent relaxor ferroelectric ceramics have been prepared

for this investigation by hot uniaxial pressing (HUP). The ceramics have been characterized

for phase purity, microstructure, dielectric behavior, and optical transmission.

SAMPLE PREPARATION AND EXPERIMENTAL PROCEDURE

Polycrystalline specimens transparent enough for optical / electro-optical measurements

possessing desirable characteristics such as uniform microstructure, high density, and phase

purity are not easily produced by conventional sintering methods. The samples examined in

this investigation were prcpared by means of hot uniaxial pressing. The powders of

Pb(Mgl/3Nb2/3)03, IPMNJ. (l-x)Pb(Mgl/3Nb2/3)03 - (x)PbTiO3, IPMN-PTJ. (x = 0.7) and

Ph(Sc l/2Ta 112)03. 1i'STI were prepared from reagent grade and optically pure starting oxides

by the colunbite / wolfrainite 4 precursor method 5 in order to produce phase - pure

compositions. The compositions of interest were prepared stoichiometrically and with excess

I'bO and / or La203 as indicated in Table I so as to allow for a range of hot-ptess conditions

and to enhance transparency.

The samples were prepared for hot-pressing in the form of disks 38 mn or 64 mm in

diaineter. The disks were pressed at a pressure of =38 MPa foi 6 hours at a temperature in the

range 900 °C to 1200 *C. flowing 02 was used during the heating cycle. The specificI11671/2145
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conditions for each sample investigated are given in Table L The samples were embedded in

coarse alumina sand to prevent reaction with the silicon nitride rams.

The uniaxially hot-pressed samples were initially characterized for phase-purity, density.

and average grain size. It was deternmned by x-ray diffraction that all specimens were phase

pure. The order paramelers, Q, of the PST specimens were also evaluated as described in the

next section by means of x-ray diffraction. Sample densities as determined by the Archimedes

technique and average grain size as evaluated by means of the line intercept method on

scanning electron micrographs of fractured surfaces are recorded in Table L

The samples were sliced into Top, Bottom, and Parallel sections, as shown in Figure 1,

and the sections annealed in air at 900 °C for 8 hours in order to eliminate excess PbO. The

smnple surfaces were then ground with A1203 grinding media and coated with a sputtered gold

electrode for dielectric measurement.

PRESSING DIRECTION

FIGURE 1 Test plates sliced from the hot uniaxially pressed ceramic.

Samples prepared for optical transmission measurement were taken as adjacent slices

(arbitrary direction) from the original hot-pressed disk. One of the slices was annealed in air at

900 °C for 8 hours before it was optically polished, while the other slice was polished with no

post-pressing heat-treatment. Optical transmission measurements were made on a Cary 2300
spectrophotometer. a

RESULTS AND DISCUSSION

All the samples under investigation are of high density with most higher than 99.5 %

theoreticatl density as indicated in Table L The average grain size, as determined by the line

intercept method on scanning electron micrographs of fracture surfaces, appears to depend

upon the processing conditions and compositional modifications (Table I); it is observed that

both excess PbO and higher hot-press temperatures encourage grain growth. In all cases, no

variation in average grain size is observed with position (i.e.- top or bottom sections) within

the sample. In general, the microstructures are found to be uniform with well-formed,

equiaxed grains.

I
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TABLE I Processing conditions and physical properties of test samples.

SAMPLE PbO L.203 T " {C) 8 (%theor.) Ave Orn Size lum)

PUN

PUN ... 1100 99.7 2

PMNTA .. 900 99.6 2

PMNT . 1060 9.7 10

! MNTC 2 wt% 1100 99.6 20

PMNTD 2 wt% I Mo% 900 99.1 5

PMNTE 2 wt% 1 mt% 1100 99.6 16

PST

PSTA 10 w", - 1050 9.8 6

PSTII 2 w1% • 1200 98.9 6

PSTC 2 w% *. 1260 99.6 6

TABLE I Dielectric properties 110 KHz]. TABLE IH Optical transmission.
SAMPLE SECTION K T VC1 0 b 314 -- _-C_

% Ttslnemleler*

AMPLIE t I mMI 470 t"0 |G TIM'i 760 Rm)

P N 7 10600 .14 62 (ble) fo'.*) (red)
* 10200 .15 62

•11t200 -1 6 2 *[AnresII _____________

-PUN lios 0.116 < 1 1
A2t 0.1 0 12 1
After 0.1 .1 1 1

PUNTA --It 14300 37 661

* 11400 37 66
P 16700 36 SO

PMNTA Dow* 06 1 1 .1
PUNTS T 26000 36 36 A• 0.6 1 .1

A0 24000 34 35
P 19100 16 S? PUNTS Deowe 01 i S1 .1

Alw 0.6 4• c1 .1
PUNTC r 20600 31 40 P NT" ISw. 0.7 2 2 3

* 21:00 36 40 - Al*. 07 2 2 3
P 30600 34 40

PUNTO brokwe 96 .1 .1 56
P N T DO 2 0 8 0 0 I s 6 2 A lte, 0 D o I t 1 1 2

8 13900 12 1S Aft r 0.S Is 35 45
P 17600 16 62

PIANTE b-- -e 1 3 7 10 13
PUNTE V 17300 14 s0 After 0o 12 17 22

0 21600 13 60 Aftw 04 35 42 4S
• 26100 13 3-

" PSTA $lN* 0.5 .1 2 t0
After 0.4 30 45 s0

N 6077 21 0.9 25 PITS Selw 0.5 .1 41 41
P 7342 23 0.9 20 After 0.9 41 .1 .1

N 7562 21 0.5 26 After 0. 20 22 I2
P 7093 22 0.9 20 L _ .

PSTC I
N STS 2 1 0.0 26
P 0061 22 0.5 20



[1702148 J.R. GIN1EWICZ. et al.

The dielectric response of the various samples, which have undergone post-pressing

heat-treatment, at a frequency of 10 KHL is recorded in Table II. The particular slice of the

sample as indicated in Figure I is designated by the labels T, B, and P for each specimen. The

quantity (b 3/4) is a measure of the diffuseness of the permittivity as a function of temperature, 6

representing the width of K(T) at 3/4 the value of K(max). The order parameter, ak is

relevant to the PST samples only which exhibit order / disorder variations as a function of
temperature and thermal history.6.7 It is defined by, the ratio of the x-ray diffraction intensities
of peaks corresponding to the normal and superstructure lattices. A completely ordered

material has a value fi = 1.7

The dielectric response K(T) at various frequencies within the range 100 to 100.00 lHz

was meaured over a temperature range of -60 to 200 *C for each sample, The dielectric

constant as a function of temperature is diffuse and strongly fiequency-dependent for both

PMN and PMN-PT specimens, characteristic of the relaxor ferroelectrics. The K(T) for PST is

sharp and only slightly diffuse at the transition, indicative of the high degree of structural

order.

The general effect of varying hot-press temperatures and of the various chemical

modifications on the dielectric response is outlined in Table II. Based on the data presented.

some basic tendencies can be deduced. It is seen that the largest K(max) values at 10 KHz are

observed for samples prepared at higher pressing temperatures with the highest K(max), in the

PMN-PT series, occurring for samples that were batched with excess PbO and I mol% La203.

There is some correlation between the average grain size and the higher dielectric constants

with specimens of larger average grain sizes exhibiting the higher magnitudes of K consistent

with the previously reported grain-size dependence of the dielectric response of PMN.8

Addition of I mol% La203 is seen to effectively reduce the temperature of the maximum

dielectric constatit by more than 20 *C again in agreement with prior investigation on PMN

transparent ceramics. 9 The variation of the diffuseness of the K(T) as indicated by (b 3/4) in

Table I for te various pressing temperatures and chemical modifications is also largely a a
function of grain size. Tht diffuseness (b 3/4) of the PST samples is not at all affected by the

pressing temperature variations implemented in this investigation. This is further reflected in |
the constant value of the order parameter, 0 = 0.9, for ah the PST specimens. It should be

noted that the igh degree of ordering obtained for these samples is generally not easily

achievable by the conventional means of preparing ordered PST ceramics 10 which generally

equires an additional long, high temperature annealing under controlled atmosphere to induce

structural oiderbig. Since the HUP temperatures employed to produce these dense PST

ceramics are well below the order/disorder transition temperature (- 1475 OC) 10, highly

ordered ceramics may be produced. Further, the degree of order is not affected by the low

temperature post-pressing anneal conducted here since the annealing temperature in this case is

well below the temperature at which a disordered PST ceramic becomes ordered (- 1050 °C). 10
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There is observed for all samples some anisotropy of the dielectric response with respect to

the pressing direction as well as a gradient of the response between top and bottom portions of

the ceramic. The PMN sample exhibits the least variation with direction and location within the

ceramic of all the speicmens examined. The anisotropy observed in the PST samples appears

to become slightly less for higher pressing temperatures. The large anisotropy of PSTA may

also be related in part to the rather high PbO content of this specimen. The anisotropy with

respect to pressing direction for all the PMN-PT samples except PMNTD is considerable.

There is no clear correlation between the "polarity" of the anisotropy (i.e. - the direction of the

higher magnitude) and the compositional and pressing temperature variations. Further, all

PMN-PT specimens exhibit a significant difference in K between the top and bottom sections.

again with no definite correlation with the compositional and pressing temperature variations.

Since in most cases. no clear correlation can be made between the dielectric anisotropy and

the modifications made, it seems likely that the source of the variations of K(Max) throughout

the sample arises in the initial, pre-pressing stages of sample preparation (e.g.-- mixing,

forming, etc.) and that the resulting anisotropy and gradients between top and bottom are

enhanced by the final HUP process. It is suggested that the macroscale inhomogeneities

introduced in the early stages of sample preparation lead to a non-uniform distribution of PbO

thereby making conditions favorable for the formation of Pb-rich phases, in particular at the

grain boundaries, during the uniaxial hot-pressing procedure. The formation of such

intergranular phases in relaxor ferroelectric ceramics produced by various methods has been

extensively reported.' 1,12.13 Although no second phases were detected by means of XRD or

by routine SEM investigation of the microstructure in this investigation, a very thin

intergranular phase may be present in these materials which, as previous research has

demonstrated, 13 can significantly affect the dielectric response of the material. The largely

intergranular fracture of the ceramics as observed in SEM micrographs suggests the existence

of such a grain boundary layer. Further, a considerable amount of aging was observed for

PMN-PT samples prepared both stoichiometrically and with excess PbO and La203. Although

it is beyond the scope of the present work and will not be presented here, this aging is worthy

of note since the aging phenomenon in PMN has been found to be very closely related to

variations in stoichiometry due to an excess or deficiency of PbO in the material. 14 The results

obtained in this study suggest that such a variation in stoichiometry may occur non-unifodniy

throughout the specimen as a result of the processing procedure. A more thorough

investigation of possible grain boundary phases and local variations in stoichiometry is

required.

The percent transmission at various wavelengths across the visible spectrum are recorded

in Table I for samples before and after post-pressing annealing and for selected specimens at

two sample thicknesses. Reflection losses, as calculated by means of the Fresnel formula, are

about 30% assuming an average refractive index of 2.5 at room temperature for the samples



1172112150 J.R. G[NIEWICZ., ci al.

under consideration. In general, it appears that higher temperatures and, in the case of the

PMN-PT series, additions of both excess PbO and 1 niol% La2O3 significantly enhance the

transparency of the ceramics, conditions which were shownm to also encourage grain growth

and high dielectric response. Post-pressing annealing is also seen to further enhance

transmission across the entire visible spectrum due likely to the liberation of excess PbO.

Hot uniaxial pressing of chemnically modified relaxor ferroclectric compositions is an effective

meaiis of producing dense, transparent ceramics with a high dielectric response. Transparent

PST ceramidcs may be produced with an extremely high degree of ordering due to the low

hot-pressing temperatures employed. Some variations in dielectric responise and the

appearance of dielectric aging suggest the fonmation of intergranular Pb-rich phases and/or

local variations in stoichiometry induced by the HUP process. Further investigation into the

nature of these irregularities and the mechanism of their formation is required to optimize

samples prepared by ths procedure.
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RELAXOR FERROELECTRICS

D. A. MCHENRY, J. R. GINIEWICZ, T. R. SHROUT, S. J. JANG and
A. S. BHALLA

Materials Research Laboratory, Mie Pennsylvania Slate University,
University Park, Pennsylvania 16802 USA

(Received Alay 1, 1989)

The dielectric and optictclectfo-optic properties of hot-pressed ceramics of composition (1-i )(Pb, ...

Ia, )(Ntg,,,Nb ' -O, - .thTiO, (v = 0(.01) have becen investigated. The nilrink exhibit high peak
dielectric comlslhit ( >2(X"Kt) Mit tpical rctaxor (ci ruclcctrk N Iraviot. I'he ceramics ate adequately
transpanrentl for opt1ical and clectio-optical evaluiationi with trankinission helter than 501% at W)M njm.
I ligh refractive indices are observed (>2.5 at 632.9 nit) and the dispersion of tlie refractive index is
i"cli described by a sinigle-term Sellic equation. Thei tempecrature dependence of the refractive index
cxhbiis a linecar region above 390*C and a polarization induced decrease of the index via the clectro-
optic effect below this temperature. The transverse quadratic electro-optic coefficients, (R,,-R,2) and

tgg,.were evaluated both as a function of temperature and frequency. Electro-optic s'sitching
experiments indicate rapid response of less than I psec, suitable for transverse shutter mode operation.

1. INTRODUCTION

Relaxor ferroelectrics such as Pb(Mg,,Nb2,3)03j and its solid solution with PbTiO3j
are of particular interest for applications as multilayer capacitors,, electrostrictive
actuators 2

.
3 and piezoelectric transducers." These applications are based on the

exceptional dielectric and electrostrictive properties as well as the low thermal
expansion exhibited by these mtaterials .6 .7 Recently, relaxor ferroelectrics have been
investigated for a variety of electro-optic properties; good electro-optic switching
lities arid modest half-wave voltages, V.,, could make these materials viable al-
ternatives to tlie (P1b,La)(Zr,Ti)0 3(PLZT) compositions conventionally used in
electra-optic devices." In addition to evaluating their device potential, optical prop-
ertN, measurements on relaxors can substantiate previous studies in determining
the onset and magnitude of thle polarization for diffuse phase transitions of relaxor

Typical lper('skite rclaxor ferroelectrics of the form ABO 3 generally occur %%ith
the A and/or B sites shared by two or more cations whose valence and ionic radii
are suitable for mnaintaining a stable atomic configuration. Both sites miay be oc-
cupied by mnoic thant one kind of cation as in tite (Pb.La)(Zr,Ti)0 3(PLZT) series
of compounds where oxygen vacancies further contpcnsate for the chargc imbal-
ances arising from the substitution of La34 for Pb'" on the A-site."' Compounds
and complex compositiots whicht involve the occupation of thie B-site only by two
or more cations are exemplified by Pb(Mg,,_3NbZ 3)O3 (PMN) and Pb(Zn,,.,Nb 13)03
(PZN) and their solid solutions with PbTiO3.

Pb(Sc,,Ta,,2)Ol and Pb(Sc112Nbl,,)0 3 are compounds for which the ionic valence
and size as well as the relative distribution of their B' and B' cations on tlte B-site

161
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allow for 1:1 ordering when the material is in a ferroelectric state, a condition
detectable by means of x-ray diffraction, electron diffraction, and Raman scat-
tering. 2 A model has been proposed for PMN in which regions of ordered (Mg-
rich) and disordered (Nb-rich) regions coexist between which space charges are
generated which effectively charge compensate thereby limiting the degree of order
possible in the system.' 3 This stale of disorder is believed to lead to the "glassy"
polarization behavior observable in the temperature dependences of both the ecc-
trostrictive strain and the refractive index exhibited by materials from these systems.
Based on the values of these quantities as a function of temperature, a "glassy"
polarization, P, which bears a quadratic relationship to the induced strain and the
induced bircfringence through the elect rostriction and the quadratic electro-optic
effect (Kerr Effect) is found to persist for a broad range of temperatures above T.
in contrast to the more abrupt disappearance of the reversible polarization, P,,
generally observed in normal ferroelectrics."O

The weak field dielectric permittivity and tana as a function of temperature exhibit
broad frequency dcpendent (i.e.-dispersive) maxima as shown in Figure I char-
acteristic of a diffuse ferroeleciic phase transition for materials with no long-range
structural order such as the Pb(B,,l3'2/O0 3 compounds and solid solutions. This
behavior has been described by the theory of "compositional fluctuations" in which
local variations iii composition lead to the formation of ferroelectric (polar) and
paraelectric (non-polar) microregions on the order of 100-200 A."4 Each polar
region will possess its own Curie temperature dependent on its local composition
so that the material as a whole will proceed through the transition over a range of
temperatures known as the Curie range. Polar regions with volumes on the order
of 102 A are unstable against thermal agitation and, hence, the distribution and
relative density of the microregions are strongly temperature dependent.0 The
dielectric response measured as a function of temperature and degree of long-range
order for systems such as Pb(Scj,2Taj,)O 3, whose degree of structural (dis)order
may be varied by controlled heat treatment, demonstrates a direct correlation
between the degree of ordering of B-site cations and the diffuseness of the dielectric 1
response, where a decrease in structural order leads to increased "smearing" of

the permittivity maximum. "",6 The observed relationship between structural order
and the diffuseness of the phase transition has been cited as evidence in sup-
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port of the "composition fluctuation" model."' Recent studies on (l-x)Pb(Mg,,j.
Nb.3)O,, - (x)PbTiO3, (x = 0.07 and 0.1) and La-substituted compositions pre-
pared by hot-uniaxial pressing as transparent ceramics have generated new data
which suggests promising application potential and supports models previously
proposed concerning the "glassy" polarization behavior9 of this family of materials.
The compositions investigated demonstrate the classic diffuse phase transition be-
havior (Figure 1) of PMN with a distinct enhancement of the electromechanical
and capacitive properties. The optical and electro-optical character of these ma-
terials are also of interest in the development of relaxor-based optical devices and
for further advances in the understanding of the fundamental mechanisms con-
tributing to the diffuse phase transition. The results of this investigation are pre-
sented with particular regard to fundamental concepts and application considera-
tions.

2. SAMPLE PREPARATION

In order to produce polycrystalline specimens transparent enough for optical/elec-
tro-optical property measurements, desirable characteristics including uniform grain-
growth, high density, and the elimination or reduction of second phases are re-
quirenients not easily achievable by conventional sintering methods. The specimens
used in this investigation were prepared by means of hot-uniaxial pressing with
additions of excess PbO and La20. to aid in densification and to promote trans-
parency. Powders of (I-x)PMN-(x)PT, (x = 0.07 and 0.1) were prepared by the
columbite precursor method' in order to produce phase-pure compositions. Both
excess PbO (-2-5 mol%) and/or La 2O. (0.5 mol%) compositional modifications
were made to allow for a range of hot-pressing conditions and to enhance trans-
parency. In general, ceramics with densities greater than 99.7% and optical trans-
parency were achieved.5

3. EXPERIMENTAL RESULTS AND DISCUSSION

Transparent ferroelectric ceramics as exemplified by PLZT have demonstrated
considerable usefulness as electro-optic materials. Practical applications for these
ceramics include use in such devices as optical shutters, modulators, displays, and
gate arrays for optical data processing.' 7 Recent measurements of (l-x)(Pb_,.-
La, )(Mg, .,Nb2..)O1 - xPbTiO.(PLMN-PT) relaxor ferroelectric ceramics indicate
that this and similar compositions can be made with reasonable transparency and
large electro-optic coefficients comparable to those of the PLZT compositions
currently in use.8

The range of transparency for the ceramics under investigation extends through
the visible and into the near IR with transmission in excess of 50% at wavelengths
longer than 550 nm for samples 1.0 mm thick. The fundamental UV optical ab-
sorption wavelength of about 375 nm is in agreement with the wavelength reported
for other corner-shared oxygen-octahedra materials.8 Imhrovemenls in optical
transinission characteristics for PLMN-PT ceramics could be anticipated with the
use of ultra-high purity powders and improved processing conditions.
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The dispersion of the refractive index was measured by means of tile method of
minimium deviation.8-9 The dispersion data were fitted to a single-terir, Selimeier
oscillator equation of thle form,

I2-1I = So kW(I - \UkX2) = Ed EO(E2. - E2)(1

where E and E0 are the energy of the incident light and the average oscillator3
energy, respectively, X and ?, are the wavelength of thle incident light and tile
average oscillator position respectively, and Ed is the dispersion energy.' 8 The
Selhineier parameters are derived from a straight-line least squares fi of (,,2 -

1)-' VS. (11,\ 2). The roomi temperature Sellmeier parameters for various (I-x)-
(Pb, .jLa,(Mg,,jNb2 1)O1 - xfbt'io. compositions and the end-members PMN
all(] PbTiO3 of the system appear in Table I. The temtperature dependence of thle
Selieier parameters En and E, are shown. respectively, in Figures 2a and 2b asI
dctctiminied from measuring file refractive index to high temperature for .93 PLMN
- .0,7 PTr. Tihe slop~c, dE,,/dT, is related to the shift of tile absorption spectra as a
function of temperature. This change is apparently linear in thle temperature range
measured with a value of approximately - 6.48 x 10-4 eV/*C.

Refractive index measured as a function of temperature can also be a sensitive
indicator of polarization fluctuations in the precursor region in the vicinity of
tile paraelctric-ferroelectric transition. The temperature dependence of (0.93)-I
(Pb0 9.La,,)(hMg,, 3Nb2,3)O3 - (0.07)PbTiO3 at four different wavelengths is shown
in Figure 3. An essentially linear region is observed at high temnperatures. A de-
parture from linearity occurs at a temperature of about 390*C at all four wave-I
lengths. Thie behavior of tile refractive index below this temperature (referred to
as i'd)

9
'1
9 is believed to be significantly affected by locally ordered yet randomly

oriented polarization, Pd, which may occur well above thle Curie temperature in
relaxor ferroelectrics. Hence, for perovskite ferroelectric ceramics the refractiveI
index departure from linear behavior Anr can be given by the expression for tile
quadratic electro-ophic effect with respect to thle polarization,

Art (Ant, + 2An1,)/3 = - (n-')2 J(g3 , + 2g,.,/3JPdl (2)

%%here Ant is eynresscd as anl average of the Air's both) parallel and perpendicular
to thle polar (1111 directions, and no is the refractive index of the undistorted

indicatrix, P, is thle local polarization, and the g coefficients are tfie appropriate
TABLE I

Ref ractive Index Parameters (fr the PMN-PT System

(0.93)( Ph1, ,La..,)
(Mg,,,Nb21 )O' 0.90 PMN-

PN' (U.07)[7bTiO., 0.10 PT PbUiO," 1

n 0~ 632.8 nm 2.5219 2.5399 2.5455 M.O8

ho (±m) 0.216 0.218 0.220 0.222
so (XI' 4 M-2 1.013 1.012 2.00) 1.09
E. (eV) 5.73 5.69 5.64 5.59
E, (eV) 27.2 27.40 27.31 30.3
f (eV) 2  156 155.9 154 168
E,IS, (x 10 eVm') 5.66 5.62 5.64 5.13
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response represented by R11-R, 2 is typically thle largest induced in a perovskite
ferroelectric ceramic.1

T1he quadratic electra-optic coefficients were determined by means of the AC
Senarmont compensator setup illustrated in Figure 6. The induced birefringence
at room temperature is plotted against the square of the elctric field in Figure 7.
It call be seen that the electra-optic response is well described by thie quadratic
electro-optic effect where the proportionality constant relating An and E2 yields

11112= 2.1 x 10-11 (m2/V 2) at room temperature. The temperature depend-
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cnce of R,,-R1 2 is shown in 17igure 8 (curve-I). The electric fid-related quadratic
electro-optic coefficients are clearly temperature dependent. This is generally true
for ferroelectrics operated near a phase transition where the values of the dielectric
permiittivity also change considerably with temperature. The maximum dielectric
constant for smiall-field and low-frequency (I Kflz) conditions occurs at T - 9*C
for (O.93)PLMIN - (O.07)PT and decreases markedly at higher temperatures above
the Curie range, a trend reflected in the temperature dependence of the R-coef-
ficients.
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Alternatively, the electro-optic effect may be expressed in terms of the polari-
zation as,

An (1/2) n3(g, -g, 2)P (4)

This formulation is generally preferable when dealing with ferroelectric materials
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since the response in terms of the polarization relates more directly to the fun-
damental polarization-related phenomena that accompany ferroelectric transitions.
The two types of quadratic electro-optic coefficients are related through the di-
electric permittivity as,

(g1-g 1 2) = (R,1 -R1 2)/( Eo) 2  (5)

where E is the dielectric permittivity and E0 is the permittivity of free space.
The temperature dependence of g11-g 12 is shown in Figure 8 (curve-2). The

polarization electro-optic coefficients, gil, are usually much less temperature de-
pendent than the electric field-related coefficients, Rq. For the polarization optic
coefficients there is a gradual increase with temperature with a leveling off to gt-
g12 = 0.014 (C/n) at about 200*C. The temperature dependence of the g-coef-
ficients has been reported as confirming the presence of polar phase regions for
relaxors in the same temperature range where the quadratic dependence of the
birefringence on applied electric field holds true. 25

It has been previously observed that the polarization-optical coefficients are
nearly the same for all oxygen octahedra materials (g,1 -g1 2 = 0.11 ± 0.02 m4/C2 ).
It has also been noted, however, that Pb-based perovskites (including the ferro-
electric rclaxors) are exceptions to this, exhibiting g-coefficients that are an order
of magnitude smaller than the value common to the other oxygen-octahedra ma-
terials. This lowering of the g-coefficient in Pb-based systems has been at.ributed
to a polarization induced shift of the electronic band gap due to the displacement
of the Pb24 sublattice which is generally not accounted for in the formulation of
the g-coefficients.20

The frequency dependence of (g11-g1 2) has been measured and the response is
observed to be nondispersive at low frequencies (<100 KHz) in agreement with
the frequency dependence of the dielectric permittivity in this same frequency
regime. This is expected for the composition under investigation since the Curie
range over which the diffuse dielectric and electro-optic behavior occurs is below

ELECTROOPTIC SWITCHING RESPONSE

,25mV/v -Atmv ,g -agi, .- o

TOP: SAMPLE TRANSMISSION VS. TIME
BOlrrOM: APPLIED SQUARE VOLTAGE PULSE

.93(Pbo.,Laut)(NIgus.Nbma)Os-.07 PbTilO

RESPONSE TIME (.clusec)
VOLTAGE PULSE 1.15 KV/CM

FIGURE 9 Signal Response as a function of time for (0.93)(Pb0 "La 0 1 )(Mg,,,Nb")O, - (0.07)PbTiO,
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room temperature. This is a possible advantage in terms of device application over
the PLZT compositions generally employed which exhibit dispersive dielectric be-
havior at room temperature that translates to the electro-optic frequency response
as well.21

Response times for electro-optic switching have been examined by applying
square wave pulses of different voltages and pulse widths. As compared with the
switching times reported for bulk PLZT of I-10 p.sec 2 - 25 the response time for
these PLMN-PT ceramic electro-optic switches is rapid; less than I plsec. The
response of a (J.93)(Pb, ,Lau ,1)(Mg,, 3Nb 2,.1 )O. - (0.07)PbTiO 3 sample to a 157
V square pulse of about 18 I~scc duration is shown in Figure 9. It was observed
that the rise time consistently was <I p.sec and that the fall time is generally faster
titan the rise time. The post-switching oscillations are due to elecrostrictive vibra-
tions in the unclamped ceramic. This clectrostrictive response to the applied voltage
contributes via the strain-optic effect to the amplitude of the transmitted signal.

4. CONCLUSIONS

(1) The various descriptions of the diffuse behavior associated with relaxor fer-
roelcctric compounds as expressed in terms of the theory of compositional
fluctuations"' and in particular, the model concerning "glassy" polarization
behavior .- 9 is consistent with the data for (0.93)(iPb0 .wLao. 01 )(Mg13 b2 .)-
03 - (0.07)PbTiO 3 ceramic specimens investigated, The weak field dielectric
permittivity and tana as a function of temperature exhibit the broad frequency
dependent maxima characteristic of the diffuse ferroelectric phase transition
of materials with no long-range structural order. Evaluation of the refractive
index as a function of frequency and temperature evidence a persistence of a
non-reversible average local polarization to temperatures (with a T, of ap-
proximately 39 0 C) very much higher than the temperature of the dielectric U
maximum. This trend f lows that observed for other PMN and PZN relaxors
and is well described by the relationships derived to describe "glassy" polar-
izalion behavior in these systems.

(2) The La-modified (0.93)Pb(MgrjNb,3)O - (0.7)PbTiO compositions inves-
tigated exhibit good electro-optic response, rapid switching time and a mod-
erate half-wave voltage as compared to PLZT indicating future possibilities for
electro-optic device applications. The low transition temperature of this com-
position allows for efficient room temperature operation of such devices, a
possible advantage over the PLZT compositions generally employed which
exhibit dispersive dielectric behavior at room temperature thereby limiting, to I
a certain extent, the electro-optic frequency response of the device.2'
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Large Hydrostatic Piezoelectric Coefficient in Lead Magnesium

Niobate: Lead Titanate Ceramics

ID. J. Taylor, D. Damjanovic, A.S. Bhalla, and L.E. Cross
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University Park, Pennsylvania, 16802
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i Lead magnesium niobate (PbMg 1/Nb 2130 3 - PMN) and its solid
solution with lead titanate (PbTiO 3 -PT)W, which exhibit relaxor
ferroelectric characteristics, have recently been studied extensively
for possible use in actuators and transducers [ 1,21. The temperature
range in which the dielectric permittivity is a maximum is of special
interest for these applications, even though, in this relatively large
temperature region the remnant polarization is absent. However, it
has been demonstrated [3,41 that a very strong piezoelectric effect
may be induced in the material by application of an external electric
bias field. The possibility of controlling the amplitude and the phase
of the piezoelectric response of a material by an external field is of
considerable interest in applications for transducers operating at
high frequencies (such as in ultrasonic tomography) and also at
lower frequencies, for example, under conditions of hydrostatic
pressure. Clearly in the latter, materials with high hydrostatic
piezoelectric coefficients dh and gh are essential. In this paper we
have evaluated the hydrostatic piezoelectric coefficient, dh, in

,I 0.9PMN:O. IPT ceramics, using the values of the transverse, d3 1 , and
longitudinal, d3 3 , piezoelectric coefficients which were determined
experimentally using an ultradilatometer [5). This composition with
its maximum in dielectric permittivity around 400C at 100 Hz is
particularly interesting for switchable transducers that operate near
room temperature.

The 0.9PMN-0. IPT composition was prepared using the
Columbite precursor method [6]. Sintering was carried out at 12500C
for four hours. After sintering, the samples were annealed in oxygen
at 9000C for four hours. The annealing step was necessary so as to
make the samples free of any ageing effects [7]. Fig. I shows, for a
typical sample, the dielectric constant as a function of temperature
for selected frequencies. These measurements were performed
during a heating cycle after the sample was held at room
temperature for several days. No dielectric ageing behavior was
observed.

In previous works, the standard resonance technique [31 as well
as a modified resonance technique [8] were successfully employed in
studies concerning the field induced piezoelectric effect in relaxor
ferroelectric ceramics. Advantages of the resonance methods
include, first, the possibility of finding values of not only the
piezoelectric coefficients but also the elastic and dielectric
coefficients of the material and second, in a more sophisticated
techni ue [81, the ability to obtain phase information for each of the
above isted coefficients.

I
I
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Recently, Pan et al. [4] have shown that the piezoelectric

coefficients in relaxor ferroelectric ceramics depend strongly on
frequency, particularly in the temperature range where the dielectric
permittivity is also dispersive. This requires that all the piezoelectric
coefficients be measured at the same frequency. For the resonance
techniques this means that the lengths of the transverse (d3 ) and
the longitudinal (d33) resonators should be approximately the same.
The resonance techiiques are then unsuitable for the lon itudinal
mode of the relaxor ferroelectric resonators as the D.C. electric bias I
field necessary to induce piezoelectricity may become impractically
large. In addition, our experience shows that resonance of the
longitudinal mode tends to be distorted under large electric bias !
fields, possibly because along the length of the resonator the field is
no longer homogeneous.

For the above reasons we have measured d31 and d33 as a
function of the electric bias field using a laser interferometer [5).
The interferometer allows for measurements of ultra low
displacements (below 1 A) over a wide frequency range and the
measurements of both coefficients may be made on the same sample. I
The details of the experimental approach to measure d33 are
described in [51 while details for measuring d3f are described below
and represented schematically in Fig. 2. First, a thin sample was
prepared in the shape of a rectangle. Using five minute epoxy one of
its sides was then mounted across the width to the sample mount
and a mirror, made from glass which was gold sputtered, was
attached to the other side (parallel to the sample mount) with five 1
minute epoxy. Care was taken in mounting the mirror paralel to the
mount. Silver conducting wires were attached across the thickness of
the sample to which a DC bias and -I Volt mis ac electric field at 500
Hz was applied. The shape changes were measured in the length of
the sample. An effect of the mirror on the measurements of d31 is
discussed by Pan et. al. [9]. The dielectric properties were measured
with an HP 4275A LCR bridge. The polarization, P, was determined
at -500Hz, with a Sawyer-Tower circuit. All measurements were
made at room temperature.

The piezoelectric coefficients d33 and d31, measured using the
laser interferometer, are shown in Fig. 3 as a function of the electric
bias field. Also shown is the hydrostatic charge coefficient, dh,
determined from the relationship tI

dh=d33+2djj (1)

dh was calculated from the corresponding points in the two curves
fitted through the experimental data. The maximum values for d33
(-1000 pC/N), d 3 1 ro.400 pC/N ) and dh (-300 pC/N) are remarkably
high. Previously reported values of d33 in the same composition by
Pan et al. are somewhat lower. This discrepancy could be due to
i) the properties of 0.9PMN-0. IPT are very sensitive to preparation
conditions, and ii) the ambient temperature ("room temperature") in
Pan et al's work might not have been the same as in our
measurements. In a related study we have found a strong
temperature dependence of the piezoelectric coefficients in the
0.9PMN-0.1PT material. The most important result of our study is I
that dh saturates at approximately 3.5 kV/cm reaching the value of- 300 pC/N (about an order of magnitude higher than that of a soft

I
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PZT material). This large value of dh suggests that 0.9PMN-0. IPT
could be an interesting material for a transducer operating under
conditions of hydrostatic pressure.

Unfortunately, the high dielectric constant, k, shown in Fig. 4,
results in the low values of the voltage coefficient, gh =dhIE, given
in Fig. 5 together with the sensitivity of the transducer, dhgti. E is
the dielectric permittivity, and E =eok, where eo is the permittivity of
free space. However, gh is still comparable to that in PZT ceramics
and the dlgh product is almost an order of magnitude higher. In
fact, in this study the dielectric constant was measured at 400 Hz so
that the values of gh given are slightly lower than what the actual
values would be at 500 Hz (the frequency used for measuring d
coefficients.

Earlier experiments suggest that the orgin of the major
component of the total piezoelectric effect in relaxor ferroelectrics is
polarization biased electrostriction [4]. The large values of the
piezoelectric coefficients are due to the large dielectric permittivity
and consequently the large induced polarization while
electrostrictive coefficients, Q, are slightly smaller than those in
conventional ceramics, such as BaTiO3 er 0].

In the dispersive region of the 0.9PMN-0. IPT composition, the

I thermodynamic phenomenological relationship [ I ]

dij = 2riQjiP i  (2)

j was found to be only an approximation. However, the d coefficients
calculated as a function of electric bias field do qualitatively follow
the measured d values [4].

A question in our study arises as to whether or not the
phenomenological description [ 11 ] of the hydrostatic piezoelectric
response as a function of field agrees at least qualitatively with the
data obtained experimentally. It follows from equations (1) and (2)
that

dh = 2 e3P3Qh (3)

where Qh = Q33 + 2Q3J and is defined as the hydrostatic
electrostrictive coefficient. If Q;? and Q31 are assumed to be
independent of the electric field 141 then dh should have the same
dependence on electric field as d3 3 and d3 1 . However, such
behavior of dh is not supported by experimental data. Fig. 6 shows
the value of d33, d31 , and dh obtained from Equation (2) and (3).Electrostrictive constants are takep frpm Xeference [ 121 and the
value. used are Q33 = 1.9 x 10- m"/V1 and Q31=0.8 x
m4 /V4. Polarization as a function of D.C. bias field was obtained
from Fig. 7, averaging the values of P for each E. The reason for the
observed discrepancy between the measured (Fig. 3) and calculated
dh may be, as shown by Pan et al, that d33 and d31 deviate at large
fields and in the dispersive region from the behaviour expectedfrom equation (2). As a result, the field dependence of the sum
d33 +2d obtained from the experimental values of d33 and
d31 (Fig. 3) does not even qualitatively agree, under our
experimental conditions, with the ones predicted by equation (3),
shown in Fig. 6.

I
I



Our study thus confirms earlier reports [4 that in addition to the
polarization biased electrostriction, the induced piezoelectricity in the
studied composition has additional components which become
important at large electric bias fields. Clearly, it would be most
interesting, from both the practical and fundamental point of view to
identify all the contributions to piezoelectricity of 0.9PMN-0. IPT.

The hydrostatic piezoelectric coefficient, dh, in the
0.9PMN-0. IPT ferroelectric relaxor composition was studied as a
function of the electric bias field at 500 Hz using a laser
interferometer. We found dh approaching a very large value of -300
pC/N and then saturating at an electric bias field of -3.5 kV/cm. The
voltage coefficient, gh , and the sensitivity, dhgh, are also found to
be comparable and larger, respectively, than those in PZT ceramics
despite a high dielectnc constant in the relaxor material. As contrary
to the d33 and d31 piezoelectric coefficients, dh does not, under our
experimental conditions, depend on electric bias field in a manner
predicted by the thermodynamic phenomenological theory.
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OPTICAL AND ELECTRO-OPTICAL PROPERTIES OF LEAD MAGNESIUM
NIOBATE-LEAD TITANATE

D.A. MCHENRY, J.R. GINIEWICZ, S.J. JANG, T.R. SHROUT, and A.S.
BIIALLAI Materials Research Laboratory, The Pennsylvania State University,
University Park, PA 16802

Earlier efforts to investigate the material properties of ceramic (I -x)

Pb(Mgl/ 3 Nb2/ 3)0 3.xPbTiO 3 (PMN-PT) have primarily been concentrated upon

exploring the utility of PMN-PT in applications where the high dielectric constant,
low thermal expansion, and large, reproducible electrostrictive strains present in the
compositional system could be exploited.1 Ifor the present work, relaxorI ferroelectric ceramics of optical quality with the compositions .90
Pb(Mgl/ 3 Nb 2 / 3 )0 3 -. 10 PbTiO3 [.90 PMN-.10 PTI and .93
(Pbo.9qLao.oj)(Mgj( 3Nby 13)03 -.07 PbMi 3 1.93 PLMN..07 PTI have been

investigated for usage in electro-optical devices. The ceramic samples were hot-
pressed to an optical transparency of greater than 50% at 633 nm and have large

refractive indices (- 2.54).2

The ceramic compositions are located within the "pseudocubic" phase

region and evidence primarily a quadratic electro-optic response upon application ofI electrical voltages. In order to determine the quadratic electro-optical coefficients,
the transmitted intensity as a function of voltage applied to the ceramic sample
placed between crossed polarizers was measured. The measured birefringence vs

E-field curves determined by this method are shown in the figure.

0).0005 0.005 -

0.00 U 0.004

0
z 0.0003 0.0

U- 0.0002 0.002 't 1 I

6b -4 -an0II2.906PN-1010 PT

I 1451/1291
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The effective quadratic coefficient, R, for the transverse geometry were obtained

from the equation

R=-2A n

where An is the field-induced birefringence, no the refractive index, and E is the

applied electric field, by using the first half-wave retardation for increasing applied
voltage.3 The measured R coefficients for .93 PLMN-.07 PT and .90 PMN-. 10

PT along with their polarization-optical g coefficients as defined by

2 An

n.p 2  
(2)

(where the polarization P was obtained from hysteresis loops) are given in Table I.

Table I.

Rhx 10-16 M2/V 2 ]

Composition 0 633 nna T - 24*C gIM4 /C2 ]

.93 PLMN-.07 PT 2.1 .0056

.90 PMN-. tO PT 14.5 .0065

These compositions with no initial birefringence and large values of electro-
optic coefficients may have possible use in optical modulators, shutters, or other
electro-optic devices.
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OPTICAL PROPERTIES OF HOT PRESSED
RELAXOR FERROELECTRICS
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The optical properties of hot presed transparent ceramics based on the relaxor ferroelectric (I-x)Pb
(Ne,.,.Nb ,)O,.xPbTiO, (known a% PMN-PT) solid solution system have been examined in the visible
region. Wc report transmission as a function of wavelength, refractive indices as a function of tem-
perature and wavelength, and quadratic electro-optic cocfficicnt data (or the 632.8 nm HeNe laser
%aveleneth. For our particular ceramic compositions, .93(Pbi.wLauoo)(Mgi.Nb.,)O,-.07PbTiO and
.90 PMN-.I0 PT. the refractive index dispersion is well described by a single term Sellmeier equation.
The observed temperature dependence of the refractive indices n(T) can be discussed in terms of polar
microregions which alter the refractive indices in these ceramics via the quadratic electro-optic effect.
Transverse quadratic electro-optic coefficients measured were in accord with those reported for other
Pb containing perovskite oxides.

INTRODUCTION

A study of the optical properties of transparent (1-x) Pb(Mgl,3,Nbm)O 3-xPbTiO3
(hereafter PMN-PT) ceramics is of interest both for possible insight into the physical
nature of relaxor ferroelectrics as well as for making practical extension of its several
present applications to include usage in electro-optic devices. Present applications
take advantage of (l-x) PMN-xPTs singularly excellent dielectric, low thermal
expansion, and electrostrictive properties.- 2 Ceramics with the composition .90
PMN-.10 PT have been used in surface deformable mirror technology and unlike
Pb,.,La,(Zr,.Ti,.,)O 3 (PLZT xlyll-y) can be prepared as a stoichiometric "fully-
stuffed' compound without aliovalent defects and concomitant dielectric aging
effects.'

PMN is the classic example of a relaxor ferroelectric. It has the perovskite
structure with Pb2

t ions on the cation A-site and Mg 2  and Nbs' ions in a dis-
ordered setting for the cation B-site. This disorder is believed to lead to "glassy"
polarization behavior observable in the temperature dependence of the refractive
index.' The weak field dielectric permittivity as a function of temperature exhibits
a broad frequency dependent (i.e., dispersive) maximum characteristic of a diffuse
phase transition. Studies of the optical birefringence have revealed that PMN
samples when cooled to low temperatures evidence no optical anisotropy which
would be indicative of a macro-volume change to a polar phase.5 The quadratic
polarization-optic coefficients which have bccn reported (itt - g12 = .015 m4/C2

and g,4 = .008 m'C 2) are not very temperature dependent and are about an order
of magnitude smaller than those of non-Pb-containing oxygen-octahedra ferro-
electrics. 6 It is believed that Pb2  ions on the A-site cause high refractive indices

135111147
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and lowered g coefficients. The refractive index dispersion and its temperature
dependence have also been reported.7" -

PbTiO 3 is also a perovskite ferroelectric but in contrast to PMN it undergoes a
displacive first order phase transition at about 492°C. Optically, PbTiO 3 is uniaxial
negative, has high refractive indices, and possesses an anomalous birefringence I
increase which disappears prior to the ferroelectric-paraelectric phase transition.
PbTiO3 is a good non-linear optical material with a large reversible polarization.
PbTiO. has a value of only gI - 912 = + .003 m4/C 2 at room temperature and is I
unusual in this regard even among Pb perovskites.6

It is the purpose of this paper to report on the optical properties of two relaxor
ferroelectric compositions, .93(Pbo99La0Oo)(Mg, 3Nb 2,)0-.07PbTiO and .90 PMN-
.10 PT. Sample preparation for these hot pressed ceramics are detailed in Reference I
9 along with other physical and dielectric measurements. Lanthanum addition to

PMN or PZT enhances densification and thus improves transparency. The effect
of La1" addition on the dielectric properties of PMN is reported in Rcference 10.
It will be of intercst to see what effect adding small amounts of La20 3 and PbTiO 3,
a normal displacive ferroelectric, to form a solid solution with a relaxor ferroelectric
like PMN will have on the optical properties. 5

TRANSMISSION

Ferroelectric hot pressed samples to be employed in optical and electro-optical
devices must be made sufficiently transparent in the visible and near IR region.
Optical transmission measurements were made as a function of wavelength using
a Cary 2300 spectrophotometer upon electrically unpoled optically polished plates. I
Figure 1(ab) shows the measured percent transmission as a function of wavelength
(300 nm-800 nm). For both of these materials the percentage of transmitted light
begins to rise abruptly at just below 380 nm and then increases only gradually with I
wavelength above 450 nm. This gradual increase in transmittance continues into

the near IR at least through 1500 nm without any noticeable absorption bands
being observed. The reflection loss line is drawn in from the calculated reflection
R = (n - 1)2/(n + 1)2 values using the measured refractive indices from the next I
section.

The .90 PMN -.10 PT hot pressed sample is especially transparent (31.7%T @
450 nm and 57.1% T @ 680 nm). The maximum value for the dielectric permittivity
in this material is Tc a 450C at I Kliz. Ferroelectric regions are of pseudocubic
symmetry for the PMN-rich compositions in this solid solution. The
.93(Pbo 99Lao ,)(Mg 13Nbw)O 3-.07PbTiO 3 composition is well into the paraelectric
region at room temperature (T, - 9"C at I KHz). In PLZT it has been shown that
the pseudocubic 9/65/35 composition is considerably more transparent than either
the rhombohedral 7/65/35 or tetragonal 12/40160 ferroelectric compositions, espe-
cially for shorter visible wavelengths where absorption and light scattering domi- I
nate." Light scattering from domain walls and grain boundary scattering will occur
in La-doped PMN-PT ceramics as well and lower the optical transparency. The
addition of PbTiO3 to PMN seems to cause the thermal stabilization of polar
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FIGURE I Percent transmission as a function of waveclength for hot pressed optically polished plates
for ceramic compositions. a) .93(Pbo,..Li.,I)(Mg,,.Nh-.,)Or-.07PbTiO, e'xcess; b) .90 PNIN, 10. PT.

microferroelectric regions in these ceramics. Further improvements in transparencyI for these ceramics may be achieved by optimizing the processing and sintering
conditions.

I REFRACTIVE INDEX DISPERSION

The refractive indices for several visible wavelengths were measured by the methodI. of minimum deviation. Prisms with apex angles of between 20*-30' were cut and
polished from the bulk ceramics. The prisms were then annealed for 30 min at
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FIGURE 2 Refractive index dispersion for .93(Pb 9 gLaoo,)(Mg,.,.Nbv3)O 3-.07PbTiO in the visible
region.

525°C in order to relieve polishing strains. The prism apex angles and minimum
deviation angles were determined using a Gaertner optical spectrometer with a
smallest vernier reading of 20". Reproducibility and calibration of the spectrometer
readings lead us to estimate that errors for the reported index values are within
t3 x 10-'.

A representative dispersion curve for prisms with composition
.93(Pbo.Laoo00 )(Mglr,Nb, 3)O 3-.07PbTiO 3 is shown in Figure 2. These polycrys-
talline materials clearly have a very high refractive index (>2.7 for X < 450 nm)
which is mainly attributable to their having a high density of polarizable ions such
as Pb2 , Ti4 , and Nb- . Also, the refractive index is quite dispersive in the visible
region, characteristic of the optical spectrum on the long wavelength side of UV
absorption peaks. Wemple and Didomenico have shown that the dispersion of the
index is frequendy well described by a single-term Sellmeier dispersion formula of
the form'

2

n 2 -  
So _ _ EdE2 = f (1)

2(E1. - E" EO - E2

x2 )

where X, E = wavelength and energy of the incident light, respectively

X ,, E. = average oscillatory position and energy, respectively

S., f = EoE, = average oscillator strength

Ed = dispersion energy.

The Sellmeier constants in Equation (1) are determined by plotting 2 
- I vs.

A 2 to a straight line least squares fit. Figure 3 shows this type of plot for
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FIGURE 3 Plot of I 1n2_I VS. 1/,\ 2 for .93(Pb, 9 Laio)(Mg,,Nb,S)O,-.07PbTiO, in order to determine
Selimeier parameicrs.

.93(Pbo gLao 01)(Mgl 3Nb2 3)03-.O7PbTiO 3. The tabulated Selimeier parameters for
our measurements as well as for the system end members PMN and PbTiO3 are
given in Table 1.

Addition of PbTiO3 appears to 1) raise the refractive index; 2) raise the dispersion
energy Ed; and 3) lower E,, (a quantity related to the energy band gap) as compared
to pure single crystal PMN. The addition of small amounts of La3 l and associated
A-site vacancies in place of the Pb2l ions would be expected to lower the refractive
index values. The values for PbTiO 3 in the table are single crystal values averaged
for a ceramic index)13

TABLE I
Refractive index parameters for the PN-PT system

.93(Pb. "La. ,)

(Mgl,3,Nb2,3)03-
I'MN'6 .07PbTiO, .90 PMN-. 10PT PbTiO,10

n Ca 632.8 nm 2.5219 2.5399 2.5455 2.688

X g)0.216 0.218 0.220 0.222
S( 1 I'm - ) 1,013 1.012 1.00 1.09
E., (eV) 5.73 5.69 5.64 5.59
E., (cV) 27.2 27.40 27.31 30.0
f (eV)2 156 155.9 154 168

(X 10-11 eV in2) 5.66 5.62 5.64 5.13
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FIGURE 4 Tcmpcraturc dependence of the refractive index for .93(Pb,La,,)(Mg,,.Nb,,)O,.
.07PhbTiO, at four spectral wavelengths in the visible from 2O0C-6OOrC.

REFRACTIVE INDEX TEMPERATURE DEPENDENCE

A small even was constructed and mounted on the spectrometer to enable us tomeasure refractive indices in the range 20*C-600*C. Temperatures were measuredusing a pair of thermocouples located above and below the prisms. Control of thetemperature was maintained within t±2*C for the indicated temperature readings.
The temperature dependence of the refractive index was measured at fr,' com-

mon spectral wavelengths (H 486.13 nm, Hg 546.07 nm, He 587.56 nm, and H

2.561
2.560-

2.559-I
x 2.558-

2 2.5567 1
0

253045600I
TEMPERATURE (C)

FIGURE 5 Expanded view of n(7) for composition .93(Pb0 ,.La,.,)(Mg,.Nbv,)Or.07PhTio, COH 656,27 nm in order to ascertain Td value.I



OPTICAL PROPERTIES OF HOT PRESSED RELAXORS (3571/1S3

656.27 nm). Figure 4 shows the measured n(T) curves at the listed wavelengths for
.93(Pb0oLaoo)(Mg 3,Nb/ 3)O -.07PbTiO3. It should be noted that subtractions
have been made as marked on the top three graphs in otder to show all four curves
on the same high resolution scale. A few features of these n(T) curves should be
pointed out. First, the high temperature region of the curves is given approximately
by a straight line fit to the data in this region. The dn/dt values determined by the
slopes of these lines increase for shorter wavelengths nearer to the energy band
gap and range from 5.36 x 10- 5/C for H 486.13 nm down to 1.69 x 10- 5/*C for
H 656.27 nm. Secondly, the departure from lincarity occurs at a point often called
T,I4 which is several hundred degrees above the regular Curie temperature (Tc --
9'C). No major change in the refractive indices would then be expected to occur
at T.

Figure 5 shows an expanded view of the H 656.27 nm curve in order to show
more clearly this departure from linearity. The value of Td was determined as being
approximately 390'C for each of the four wavelengths. Td is therefore seemingly
independent of wavelength,

QUADRATIC ELECTRO-OPTIC COEFFICIENTS

The transverse quadratic electro-optic coefficients were measured using an AC
Senarmont compensator method using phase sensitive lock-in amplifier detection.
A HeNe laser with a 632.8 nm output was used as a light source. The values for
the electro-optic coefficients as a function of temperature (20°C-250°C) were de-
termined under low frequency (<50 KHz) unclamped conditions. At room tem-
perature, the quadratic electro-optic coefficients in terms of polarization (polari-
zation-optic) were, g,1 - g12 = 0.08 _ 10% m4/C2 and in terms of electric field
R1, - R12 = 2.25 x 10- 16 m2/V2 + 10% for .93(Pbo.9,Laoo,)(Mgl/3,Nb,,3)O 3-
.07PbTiO 3. The electro-optic g coefficients increase weakly with temperature and
level off so that an average value of g,, - g12 =- .012 m4/C2 is found for the 20°C-
250°C temperature range.' 4

DISCUSSION

The n(7) behavior in relaxor ferroelectrics (as found in our samples Figures 4 and
5) is often explained as follows. At temperatures higher than Td the refractive
index is primarily controlled by thermal expansion and thus changes linearly with
temperature. Below T,, the departure from linear behavior occurs due to the
presence of microregions of local polarization which causes a change An in the
refractive index proportional to the square of the polarization by the quadratic
electro-optic effect. 4.

1
5

For randomly oriented crystallites as found in our unpoled ceramics, the appro-
priate observed change in refractive index is given by 6

An = An+ 2An+ - (nn)3[g 33 +2g 13 p
2  (2)3
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FIGURE 6 lP, as a function of temperature for .93(Pb0 ,La,,.)(Mg,,.Nbz,)O,-.07PbTiO calculated
from n(T) data.

where no is the undeviated refractive index as given by the straight line, the g's
are the appropriate combination of electro-optic coefficients, and Pd is the local
polarization present. Since we know An, n° , and can approximate the electro-optic
coefficients by our measured value (gl, - 912 e .012 m'/C 2), we can invert Equation
(2) to find the magnitude of local polarization, JP, . This is shown in Figure 6 for
the four wavelengths at which n(7) was measured.

Temperature dependent Sellmeier parameters have also been calculated based

upon the four frequency measurements of n(T). From a primarily linear graph of
Eo vs. T we have determined dEo)dT = -6.48 x 10- 4 eV/*C. This quantity
represents a change in the energy of the effective oscillator which can be correlated I
to the temperature variation of the band gap (quite close to dEW/dT a- -6.7 x
10-1 eV/C for indirect bandgaps).7 Pd exists to much higher temperatures and is
a great deal larger than the measured reversible polarization. The comparatively
large values for Pd may be due to grain boundaries in the ceramic inhibiting po-
larization reversal.

The value of Td - 390°C (as shown in Figures 4 and 5) is larger than has been
measured for PMN single crystals' with Td - 344°C. This increased value may have I
been caused by the addition of PbTiO 3. Further studies are underway to establish

the cause of such an enhancement of Td in these ceramics compared with single
crystal PMN.

SUMMARY

,c have prepared hot pressed optically transparent relaxor ferroelectric samples
and have measured some of the important linear optical properties. Transmission
measurements verify that PMN-PT based ceramics can be made optically trans-
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parent in the visible range. Refractive index dispersion has been successfully mod-
eled by a single term Selimeier equation. Quadratic electro-optic coefficients were
measured and used to interpret the n(7) behavior of these ceramic samples ac-
cording to a theory of micropolar regions applicable to relaxor ferroelectrics.

Future work to follow up this investigation will include examining a further series
of La' modified PMN-PT and PST hot pressed transparent ceramics for electro-I optic related properties.
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THERMAL HYSTERESIS OF OPTICAL SECOND HARMONIC IN PARAELECTRIC BaTiO3

G.R. FOX, J.K. YAMAMOTO, D.V. MILLER, L.E. CROSS and S.K. KURTZ
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The SHG signal between 25 and 250°C was measured for a flux-grown single crystal, high-purity single-crystal fibers, and
powder O.S psm average particle size) of BaTiO 3. All three BaTiO3 sources showed a distinct symmetry-forbidden SHG signal
with thermal hysteresis in the paraelectric phase. In the flux-grown crystal, annealing at temperatures above 140' C for 15 h causes
the SHG signal in the paraelectric phase to disappear below the background noise level of the second-harmonic analyser. In the
single-crystal fibers and powder the SHG signal is still observable at 250°C.

1. Introduction and Kurtz [4,7]. A Nd:glass laser with I J output
intensity, 1.06 jim wavelength, and 300 ps pulse

Second-harmonic generation (SHG) is an ex- length was used in the analyzer. Photomultiplier sig-
tremely sensitive method for measuring the acentric nais from the second harmonic and reference chan-
nature of crystallographic structures. It is thus quite nels were compared using a Hewlett-Packard 5411 ID
useful in the study of ferroelectric-paraelectric phase digitizing oscilloscope. SHG signals were measured
transitions [ 1,2]. BaTiO 3 has been investigated by at discrete temperatures, point by point, on heating
several workers and its non-linear optical coeffi- and cooling between 25 and 250°C. The tempera-
cients have been well characterized for each of the ture was allowed to stabilize for approximately 15
three acentric crystallographic structures [ 3-5 ]. SHG min at each temperature and the points reported are
has also been observed in the paraelectric cubic phase averages of three peak SHG intensities recorded at
of BaTiO 3 even though the paraelcctric space group, I min intervals.
Pm3m, contains a center of symmetry. It has been The first sample investigated was a multidomain
suggested that the symmetry-forbidden SHG in the BaTiO 3 single-crystal platelet grown from a KF flux
paraelectric phase is due to the formation of polar by the Remeika method. The faces of the platelet were
regions about lattice defects [6] or due to the oc- oriented parallel to the pseudocubic 100 faces and
currence of dynamic micropolar regions which te- from capacitance versus temperature measurements
tragonally modify the structure in localized regions the ferroelectric-paraelectric transition temperature
[4,5]. The results presented in this paper for SHG (T) was determined to be 118°C. The SHG signal
experiments on flux-grown crystals, single-crystal fi- was measured with the incident beam perpendicular
bers, and a powder of BaTiO3 provide new infor- to the plane of the crystal.
mation about the possible origin of the forbidden Cross sections of multidomain single-crystal fi-
SHG in the paraelectric phase. bers, grown from a ceramic feedstQck (made from

commercially available BaTiO3 powder") by the
laser-heated pedestal technique [8] were also ana-

2. Procedure lyzed. T, for the fibers occurred at 133°C as deter-
mined from capacitance versus temperature mea-

The SHG signal of three different samples of
BaTiO3 was measured using a dual-beam second- "TAM HPB, TAM Ceramics, Inc., Niaga Falls, NY 14805,harmonic analyzer (SHA) as described by Dougherty USA.
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surements. Fibers initially grown with c-axis ative units) and is assumed to be zero.
orientation were annealed at 900°C and sliced to After holding the crystal at 220°C for 30 min, the
form disks 0.1 mm in thickness. Several slices were crystal was cooled; no measurable SHG signal was I
placed on a glass cover slide in the path of the in- observed on cooling until 117 0C where the transi-
cident beam, such that the beam propagated along tion to the ferroelectric phase occurs. In two separate
the length of the fiber. trials the crystal was heated from room temperature

High-purity BaTiO 3 powder samples were pre- to 220 0C and then cooled to 175 0 C and 145°C, re- Ipared by placing less than 200 mg of powder be- spectively, where the crystal was held for 15 h. Soak-
tween two glass cover slides so as to form a sand- ing the crystal at 175 0C or 145°C for 15 h produced
wich. The powder had an average particle size of 0.5 no change in the zero SHG intensity on cooling. IJim. Two other heating and cooling schedules are shown

in fig. 2. In the first run, the sample was heated to
170'C, cooled to just below the transition, and then

3. Results and discussion heated again to 220'C. During the initial heating
(curve I ), the intensities follow a curve similar to

3. ,. BaTiO3 flux-grown single crystal fig. 1. On cooling from 170 0C (curve 2) the SHG
signal was constant until passing through the ferroe-

Fig. I shows the heating and cooling curve for the lectric transition. During the second heating above
flux-grown BaTiO 3 platelet. The sharp decrease in Tc (curve 3), the SHG signal exhibits the same con-
the SHG intensity between 115 and 120C is indic- stant intensity as that observed during cooling. When 3the HG ntesit bewee 115and120C i inic- the crystal was heated above 170°C (curve 4) the
ative of the ferroelectric-paraelectric phase transi- tenst d asetin abre fahin Fr the
tion, in good agreement with the Tc determined by intensity decreases in a regular fashion. For the sec-
capacitance measurements. Above Tc a weak but dis- ond run shown in fig. 2, the crystal was heated to
tinct SHG signal is still observed which decreases
steadily with increasing temperature. Above 220 0C toeo
the SHG intensity can no longer be distinguished
from the background (background equals 0.2 in rel- 4

"0".. H.ating. t40*c. ,5hr
0) to, -oU Cooling from t40*Cto, b. Cooling from 170'C

SHeating from ft4"C

woCeo Cooling 0 "

,,s
to o-to INI

'"!.%'oud Noilg.
to I Temperature (C)

Fig. 2. SHG in the paraelectric phase for two different heating
schedules, I-5 and A-C. In the first heat schedule the crystal isto-, 0 OO Io 200 250 (I) heated from room temperature to 170"C, (2) cooled to

Temperature (C) I 14"C, (3) and (4) heated to 220 ° C, and (5) cooled to I I0*C.
In the second schedule the crystal is (A) heated from room tern-Fig. I. Relative SHG intensity as a function of temperature for a perature to 140"C, (B) soaked at 140"C for 15 h, and (C) cooled

multidomain flux-grown BaTiO1 single crystal. to I 10*C. I
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145°C (curve A) and was then held for 15 h (curve The fibers were then further heated to 1650 C and
B). During this hold time, the SHG signal decreased subsequently cooled below Tc to 128°C where the
to zero, and did not reappear until the crystal was SHG signal showed an increase over that which was
cooled below Tc (curve C). measured on heating; this difference in the SHG sig-

The occurrence of an SHG signal above T, indi- nal below T., upon cycling, may be due to changes
cates that the paraelectric phase contains some de- in the multidomain structure of the crystal. Little or
gree of acentricity, but the decrease of the SHG in- no hysteresis in the SHG intensity was observed be-
tensity above T. indicates a decrease in the acentric tween the first heating and the cooling run. On heat-
nature of the structure with increasing temperature. ing from 128 to 2500 C, the SHG intensity above T
The fact that the thermal hysteresis of the SHG in- decreased slowly but was always distinctly larger than
tensity above Tc is both time and temperature de- the background noise. On cooling from 250°C the
pendent, suggests that the acentricity in the parae- intensity remained constant until below 150 0 C where
lectric phase is metastable. This metastable acentric a slow increase is observed to the transition at i33°C.

structure slowly changes to a more thermodynam- A 15 h hold at i 50°C on cooling showed no decrease
ically stable centrosymmetric structure by annealing in the intensity.

at temperatures above 140°C. A temperature hysteresis of the SHG intensity is
clearly observed in the fibers but the temperature at

3.2. Ba TiOj single-crystal fibers which the SHG signal becomes zero could not be de-
termined since the hot stage on the analyzer could

Similar heating and cooling experiments were only reach 250*C. Extrapolation shows that if the

completed on BaTiO 3 single-crystal fibers and these SHG intensity continues to decrease at the same rate,

are shown in fig. 3. The fibers were first heated to the SHO signal would not dissipate until the tem-

150°C. At T,= 135"C a sharp drop in the SHG in- perature is above 400"C. The temperature hysteresis

tensity occurs and then the intensity decreases stead- above Tc in fig. 3 s analogous to the first heating-

ily but more slowly with increasing temperature. No cooling curve in fig. 2 for the flux-grown platelet. A

change in the SHG intensity was observed after wider temperature range is needed to observe the

holding the fibers at 150"C for 15 h during heating. complete hysteresis effect in the higher-purity crystal
fibers.

3.3. BaTiO3 powder

O__e HHeating and cooling curves for BaTiO3 powder are
o -- Het from 25*C shown in fig. 4. The decrease in the SHG signal at-DCoot fro'm 165Y

Z .- 'Heat from 129' the transition is not nearly as sharp as that observed~Coot from 2SO°C

Cin the single-crystal platelet and fibers. It is inter-
esting to note that even though the SHG intensity for
the powder at room temperature is equal to the in-
tensity for the flux-grown crystal and smaller than
the intensity for the single-crystal fibers, the SHG in-I ',0,tensity for the powder is comparatively larger above

T i~Tc= 130"C. The intensity above T, also decreases

.8 more rapidly but is still as large as that measured for
the single-crystal fibers at 250"C. From the change

in the SHG signal with temperature, it appears that
0 s ,oo t so oo o250 300 temperatures in excess of 350 0C would be needed to

Temperature (C) obtain a zero SHG intensity. A hysteresis occurs

Fig. 3. Relative SHG intensity versus temperature for a multi- above T. but the SHG signal does increase with de-
domain single-crystal fiber of BaTiO3. creasing temperature.
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10'" rence of SHG above T, in BaTiO3 must be able to
answer several questions. How can an acentric struc-
ture that produces an SHG signal occur in a parae-
lectric globally non-centrosymmetric phase? Also,

"6609 Heating why is there a thermal hysteresis in the SHG signal?
Such a theory must also explain why the source for

acentricity is influenced by the presence of substi-
ttutional defects (impurities), since the lower-purity

flux-grown crystal exhibited an additional time de-
0pendence of the SHG intensity above Tc. The influ-

ence of substitutional defects is also reflected in the
temperature at which the SHG signal disappeared -
220*C for the flux-grown crystal, greater than 400'C
for the high-purity single-crystal fibers, and greater

.__than 350*C for the powder. Since the SHG hyster-
0 ...oo .o 250 300 esis in the powder differs qualitatively from the SHG

Temperature (C) hysteresis observed in the single crystals, the source

of acentricity must also be affected either through an
Fig. 4. Relative SHG intensity as a function of temperature for intrinsic particle-size effect or by the nature of the
high-purity BaTiO 3 powder with an average particle size of 0.5Prn. crystallite surfaces of the powders. It is not yet pos-

sible to say which powder characteristic influences
All three sources of BaTiO 3 exhibit a hysteresis in the SHG signal.

the SHG signal above Tc indicating that there is re- A theory based upon the occurrence of intrinsic
sidual metastable acentricity which is both temper- dynamic micropolar regions can account for an
ature and time dependent. The time and tempera- acentric structure which produces an SHG signal
ture dependence of the SHG signal appears to be above T., but in this theory the reason for the oc-
highly dependent upon the purity of the BaTiO 3 since currence of thermal hysteresis in the SHG intensity
the high-purity single-crystal fibers and powder ex- above T, is not immediately evident. All the obser-
hibited significant SHG signals at 250°C and be- vations in this work can be explained with a lattice-
cause the SHG intensity for the single-crystal fibers defect model in which residual polar regions above
did not decrease after annealing at 150°C. T occur due to defects with dipolar character or in-

There may also be a crystal (i.e. particle) size de- homogeneities of the lattice-defect structure. But in
pendency of the SHG signal above Tc since the pow- order to confirm this type of defect model, further
der exhibited significantly higher SHG intensities evidence must be found to substantiate the occur-
than the single crystals. Such a size dependence may rence of defect-induced polar regions above T,.
also be manifested in the difference between the hys-
teresis behavior of the powder, which showed partial Acknowledgement
recovery of the SHG intensity on cooling, and that
of the single crystals, which showed no recovery on The authors are grateful to Philips Laboratories
cooling. A sharper decline in the SHG intensity at Tc for lending us the SHG analyser needed to complete
for the single crystals also seems to suggest that par- this work. We also would like to thank Hewlett-Pack-
ticle size, or boundary conditions in general, may af- ard Corporation for providing the 54111 D digitizing
fect the SHG intensity above T,. oscilloscope and Dr. Robert E. Newnham who lent

us the BaTiO3 flux-grown crystal. Dr. Clive Randall
and Dr. Joe Dougherty also provided much helpful

4. Conclusions discussion.

Any theory that attempts to explain the occur-

287



I
I Volume 9. number 7,8 MATERIALS LETTERS April 1990

References [6] G.V. Liberts and V.Ya. Fritsberg Phys. Stat. Sol. a 67 (1981)
KS 1.

I I W. Vogt, Appl. Phys. 5 (1974) 85. [7] S.K. Kurtz and J.P. Dougherty, in: Systematic materials
2] S.K. Kurtz and T.T. Perry. J. Appl. Phys. 39 (1968) 3798. analysis, eds. J.H Richardson and R.V. Peterson (Academic

13] R.C. Miller, Phys. Rev. A 134 (1964) 1313. Press, New York, 1978).
141 J.P. Dougherty and S.K. Kurtz, J. Appl. Cryst. 9 (1976) 145. 18 M.A. Saii, B. Duboid, E.M. Vogel and F.A. Thiel, J. Mater.
S5] V.S. Gorelik, O.P. Maksimov, G.G. Mitin and M.M. Res. 1(1986)452.

Sushchinskii, Soviet Phys. Solid State 15 (1973) 1133.

II
I
I

I
I
I
I
I
I

I 288

I
I



PREPARATIVE STUDIES



APPENDIX 39



THE INFLUENCE OF PROCESSING ON DIELECTRIC PROPERTIES OF PMN:PT
BASED CERAMICS
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ABSTRACT

This paper addresses many of the variables which can occur in processing relaxor
ferroelecuic Pb(Mgl/3Nb2/3)O3-based ceramics. Processing variables of powder purity, batching
composition, annealing, and average ceramic grain size were examined for to the solid solution
0.93 Pb(Mgl/3Nb2/3)O3:0.07Pb(Ti)O3 and a detailed characterization of dielectric and
micro/nanostructure properties is desired. The effect of each variables was discussed using
traditional dielectric mixing laws (extrinsic effects) and by the recent underlying of the relaxor
mechanism (intrinsic effects). This paper was intended to clarify the particular interactions
between the intrinsic and extrinsic contributions to the dielectric behavior of a PMN ceramic. A
modified trick wall model for dielectric mixing in ceramics is used to extrapolate information such
as the single crystal values of dielectric maximum, Ymax, the diffuseness coefficient 8 and the

average intergranular phase thickness - 1.8 nm. This calculated intergranular thickness agrees well
with TEM observations.



I
INTRODUCTION I

Complex lead based perovskites, with general formula Pb(BIB2)0 3 , exhibiting diffuse

frequency dependent dielectric transitions are commonly referred to as relaxor ferroelectuics. A I
typical example of the complex lead perovskite family is the Pb(Mg/Nb2/3)O3 compound. The

underlyir- (size of the) mechanism(s) associated with relaxor dielectric behavior have been I
predicted to be on a scale of - 100 A well below the size of polycrystalline ceramic microstructure

but despite this there is evidence for microstructural variations in properties.(1.2.3 )

Relaxor compositions in the (I-x) Pb(Mgl/3Nb2l3)O3-xPbTiO3 (PMN:PT) solid solution

system with x - 0.07 exhibit high dielectric constants over a broad range near room temperature

making them attractive for applications such as MLC's (multilayer capacitors) and electrostrictive

strain actuators.(4 .5) The introduction of PMN-based ceramics for such commercial applications,

however, has been a slow process owing to the poor reproducibility during fabrication and

subsequent variations in their dielectric behavior. The aim of this paper is to relate to the readers

some of the complexities of these PMN-based materials and to point out dielectric-structure inter- I
relationships with processing variables.

Background on Processing Variables in the PMN-Based Ceramics i
The formation of perovskite PMN is a complex process, and as such leads to variations n

subsequent properties in dielectric constant, dielectric aging, etc. PMN polycrystalline ceramics

prepared by conventional mixed oxide routes typically result in large volume fractions (up to 30%)

of a parasitic lead niobate pyrochlore phase (Pb3Nb4 Ol 3). The generalized reaction sequence for

I
conventionally processed PMN is summveaed in equation (1).

3PbO+2NI O m- oc ) PbNbCq3  (la) I
eXO (anion deficient cubic pyrochlore)

Pl4Nb q 3 + PbO m-"=.ac ,2PlNbJq (lb) I
exo (rhombohedral pyrochlore) I

Pto Nb,, 7+w 7 c- Pb( ( M Nt) q + o-Pb .Nc

endo (perovskite)

I

I



These equation as fiur suggested by Inada demonstrsipd the conventional processing with mixed

oxides formed intemediate pyrochlore phases before perovskite PMN was formed. 6 ) The first

reaction (la) is between PbO and Nb2Os and forms cubic pyrochlore Pb3Nb4O1 3. This cubic

pyrochlore reacts with lead oxide to form a rhombohedral pyrochlore. This rhombohedral

pyrochlore final reacts with MgO to form perovskite PMN and cubic pyrochlore as shown in

equation (1c). Inada concluded higher yields of PMN could be obtained by controlling the PbO

loss.

LeJeune and Boilot report three types of intermediate pyrochlore phase Pb3Nb 4O1 3,

Pb2Nb2O7, and also Pb3Nb2O8.( 7) This third pyrochlore is included to reaction sequence such

that

Pb2Nb2q + PbO - Pt;NbCA + Pb3 N40 13  (2)

(p Om) (pymchlore) (cubic pychlomr)

PINb2 q O 9oc liquid + MgO-+ PMN+ PbNb403.

The cubic pyrochlore is the stable form. Swartz and Shrout found only the cubic

pyrochlore to be present in the study of the PMN formation.(8) This cubic pyrochlore had Mg

substituted into the structure to give an approximate formulation Pbl.S3Nbl.71MgO.29069. They

found that this cubic pyrochlore reacted with PbO and MgO to form PMN as expressed in equation

(3).

MgO+ P4 Nb4 q 3 + PbO - PMN + Pb Nb, 03 (3)

The presence of non-ferroelectric phases of Pb3Nb4Ol3, MgO, PbO, and Nb 2O5 result in

large variations in the dielectric properties of the PMN ceramics. These variations in dielectric

constant have been rationalized by on dielectric mixing. The relative ",,nts of phase(s) are

determined se ni-q taivey by x-ray powder diffraction.

It was found that the pyrochlore formation could be somewhat suppressed with

compositional modifications of excess PbO and MgO however, large variations in reported

dielectric behavior still were observed.(9,10,II)

The introduction of the B-site precursor method overcame much of the reproducibility

problems. Phase pure perovskite PMN ceramics were produced with corresponding dielectric

properties close to those of single crystals. The precursor method pre-reacts the refractory B-site

3



I
components MgO and Nb2O5 to form MgNb2O6 columbite as shown as shown in equation (4a).

Then a second reacion is made between the columbite and the PbO as shown in (4b). I

MgO+ NI;q -+ MIoNt( (4a) I
(columbite)

3PbO+ MgNtjq -- 3Pb(Mg±Nb)q + small amounts of pyrochlore (4b)

(perovskite)

The success of this precursor method is mainly associated with an atomic dispersion of the
MgO and Nb2O5 components. Minor additions of PbO and MgO in the batching further reduced

the pyrochlore formation and enhanced densification. However, these additions of excess PbO
and MgO, however, imbalances the stoichiometry of the whole PMN ceramic. This in turn leads

to changes of dielectric properties from that of stoichiomenic PMN.
With the production of phase pure perovskite PMN ceramics it became a natural extension

to study microstructure affects on the dielectric properties. Transmission electron microscopy

(TEM) work of Goo et al. reported small pyrochlore grains in boundary regions outside the I
detection Uimit of x-ray diffraction (< 2%).(12) Gorton et al. also inferred the importance of glassy

grain boundary phase effects on the dielectric properties.(' 3) It was suggested that isolated i
pyrochlom phases would not significantly dilute the magnitude of the dielectric constant-hence
other mechanisms must account for differences in dielectric properties.

Through a better understanding of the surface chemistry and dissolution of the component
powders, and the use of high energy mixing/milling, stoichiometric phase pure (as determined by
x-ray powder diffraction) perovskite PMN powder could be produced as low as 650C.(14)

Although phase pure powders are PMN are readily formed, densification of powder compacts
requires atmosphere control to compensate for PbO volatility and to ensure densification.(15) This I
is generally accomplished through the additions of excess PbO to the calcined powders or by using
a PbO source powder, e.g., PbZrO3. Excess PbO has two major effects on the dielectric
properties of the PMN ceramics. First is the lowering of the dielectric constant as the volume
fraction of low dielectric constant material is increased. Second, is the dielectric constant varies
with time, a process known as aging.

In summary, although optimum processing is performed on PMN:PT ceramics
microstructural dependences are still observed. Scanning electron microscopy (SEM) and x-ray

cannot explain these intrinsic and extrinsic effects. The purpose of this work was to characterize

4 I
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I features on the scale associated with relaxor behavior itself, Le.. on the nanometer scale with
conventional TEM techniques.

I T ackgroand on the Relaxer Ferroelectric
Since the early 1950's, work has been going on trying to understand the polarization

I mechanisms in relaxor materials. Smolenskii stated a model based on chemical inhomogeneities

giving rise to a distribution of paraelectric to ferroelectric phase transitions thus resulting in diffuse

i phase transitions.(I) Later work by Cross(2) laid the ground work of a new understanding, he

suggested the possibility of a system made up of an ensemble of superparaelectric polar regions

and the relaxor nature was the result of thermal agitations upon these regions. Recently, a link was
found between the nanostructural chemical B-site ordering and relaxor behavior in complex lead
perovskites. It was hypothesized that the ordered domains localized the superparaelectric

regions.(3 ) Work by Viehland et al., has found theoretical fits with a dipolar-glass models;

inferring that interaction between the superparaclectric regions enhances the dielectric constant and
also accounts for its broad dispersive response.(16)

This brief background gives the reader an up-to-date list of references -which are the

I modern basis for understanding the rel& or behavior. The relevant parts of the theories used to

explain processing effects on properties are discussed in moe detail in the text below.

EXPERIMENTAL PROCEDURE

I Polycrystaline ceramic disks with the relaxor composition 0.93 PMN-0.07 PT were

prepared via the B-site precursor method. In processing the columbite precursor, the poor

I dispersion characteristics associated with MgO powders was addressed using both steric
hinderance (polyelectrolyte dispersant)+ and elecuotatic repulsion (pH adjustroe by ammonia) in

I conjunction with high energy milling.++ Upon calcination the appropriate amount of PbO was

added folowed by a mixing in a dispersant adjusted to obtain minimum lead dissolution. A
perovskite calcination is made at 700"C for 4 hrs. Both the columbite Mg.93Nbj.86Ti.2 106 and

perovskite 0.93 PMN-.07 PT calcined powders were examined by x-ray powder diffraction to

insure phase purity. Uniformity and reactivity of the PMN-PT powder was further enhanced by

I milling as above. Additional details of the processing methods used are reported elsewhere.( 15)

Samples prepared for this study were engineered with variations in powder purity, powderI composition (excess PbO), grain size, and annealing conditions. In terms of purity, both reagent

grade (- 99%) and high purity (k 99.99%) component powders were used to prepare samples.

+'Tamol-901, Rohm and Haas (note: no impurities).
I+Vibratory Mill.

5



I
The utmost car wae taken to prevent contamination during processing of the high purity material, I
consequently, high energy milling was not performed. The lower reactive powder did not permit

densification at tempertures - 1200"C resulting in a large grain size microstructure. Grain size

variations in the reagent grade material were achieved by firing samples at different tempeature as
reported in the reference.(1 5) Significant grain growth through longer firing times was found not to

be effective. Previously reported grain growth behavior with firing time was probably associated I
with inadequately processed materials (phase impure) and/or materials containing additions of

excess PbO and MgO powder along with excessive PbO atmosphere control during sintering. PbO j
additions used in this study for both reagent and high purity samples were to engineer grain

boundary regions and promote dielectric aging.( 7)

Along with grain boundary modifications using excess PbO, samples were annealed up to

7 days at a temperature - 950"C well below the firing temperature to disallow grain growth. PbO

volatility during annealing and sintering was controlled using a coarse sand of the same
composition in which the samples were buried. A non-PbO atmospheric source zirconate based

sand (BaZrO3) was also used for low temperature firings (< 1 1004C) to attempt to modify PbO

weight loss in the grain boundaries. Atmosphere control for the high purity samples was achieved

using PbZrO 3 powder placed in platinum boats around the samples. All firings were performed in

closed high density alumina crucibles.

Fired samples were characterized for weight loss, geometric density, and grain size as

determined on fracture surface using scanning electron microscopy (SEM).
The dielectric measurements were carried out on an automated Hewlett-Packard system (as

described in the reference.( 5) The dielectric constant and loss were measured

pseudo-continuously for each sample at various frequencies (100 Hz, 1 KHz, 10 Kz, 100 KHz) as

the samples were cooled fim +150"C to -150"C at a cooling rate of 4"C/min. Dielectric aging

studies typically extend to over 1000 hrm. To facilitate evaluation of a large number of samples,
"relative" percent aging values were determined from capacitance readings taken at 24 hrs and on
de-aged specime=L(17

Transmisioa electron microscopy (TEM) characterization was performed on samples with

selected eineered variations. Slices were cut from fired disks using a diamond saw followed by I
grinding to a thickness of - 30 pm using silicon carbide. A copper support grid was glued onto

the surface of each polished specimen using epoxy resin. Electron transparent regions were I
obtained by atom-beam milling the samples with an Ion Tech argon beam thinner operating at an

accelerating voltage of 5 kV and at an incidence angle of 15-30 degrees. Finished TEM specimens

were coated with a thin layer of carbon in order to prevent them from charging within the electron

microscope. TEM observations were made with a JEOL-200CX microscope and a Philips 420
STEM both equipped with a LINK systems energy dispersive x-ray spectrometer (EDS).

6g



Grain boundaries we examined in the bright field (EF) TEM imaging mode using a phase
contrast technique (as described in refs. (18 and 19)). The technique being performed by forming

a conventional BF image of a grain boundary, defocussing the illumination (to form a parallel

incident beam) and recording a series of micrographs encompassing both overfocus and

underfocus conditions of the objective lens. In this technique the presence of a second phase at the

grain boundary results in a pair of dark or bright lines (which are in fact a pair of Fresnel fringes)

delineating the boundary. If no boundary film is present, micrographs simply appear out-of-focus.

The essential condition for this technique is that the boundary is "edge on" relative to the direction

of the incident electron beam. In this case an estimate of the brain boundary thickness can also be
made. Grain boundaries were also examined by a high resolution lattice fringe imaging technique.

As previously noted, the complex lead-based relaxors possess a B-site cation ordering.

This ordering corresponds to an F-centered 2ao x 2ao x 2ao superstructure on the B-site

sublattice.(3.20.21.22) The B-site ordering gives rise to superlattice reflections of the

type (h + 1/2, k + 1/2, 1 + 1/2). Dark field imaging of these superlattice reflections reveal order
domains - 10 nm.

Physical and Dielectric Properties

The general characteristics of PMN:PT samples as a function of thermal history are

summarized in Table I. All the samples possessed densities greater than 95% theoretical
(8.II g/cm 3). The weight loss during sintering was confined to the range of 0.5-1.5 wt% with

slightly higher losses occuring in samples processed at higher temperatures. The annealed samples

and samples fired in BaZrO3 sand showed only marginal differences in weight loss. Both reagent

grade and high purity samples that contained excess PbO lost approximately 0.5 wt% more than

was added. It should be mentioned that the x-ray analysis of PMN ceramic samples were phase

pure with no evidence of pyrochlore or PbO phases.
For all PMN-based ceramics studied the Kam values are relatively high and this is believed

to be owing to the overall care in processing. There is a consisteut influence of powder purity on

the dielectric constant Kn= - 28,000 compared to Kma - 24,500, given similar thermal process

conditions for high purity and reagent grade respectively and are shown in Fig. 1. This shows

both a lower dielectric maximum and a shift of Tmax for the reagent grade powder processed.

A wider range of grain sizes were achieved through intermediate firing temperatures, but

for simplicity only a few from the extremes were selected for detailed structural characterization.
Physical and dielectric properties for a wider range of grain sizes can be found in ref. (15). Lack

of large grain sizes (> 10 gm), in this and related work, is attributed to the fine and uniform

stoichiometric starting powders and PbO control making them less susceptible to abnormal grain

growth.
The magnitude of dielectric constant Kum versus grain size (G.S.) is presented in Table I,

and shown in Fig. 2 (from ref. 15). Clearly, the value of Kman increases with increasing grain
7
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size. In addition, further thermal annealing resulted in a dramatic increase in K without grain
growth or significant difference in weight loss or shifts in Tma for grain sizes > 1.0 pm.

Dielectric aging charactris of the ceramic samples were also studied. It was found that
the aging rate of stoichiometry prepared samples wee generally low with n detectable aging
found in the high purity samples in agreement with other reports.(23) However, samples prepared

with excess PbO, though driven-off through volatility during sintering, still exhibited the highest

degree of aging even for the high purity samples, see Fig. 3.

In summarizing, processing parameters which affecting the dielectric properties are grain

size, powder purity, annealing, and non-stoichiometric batching.

Micro/Nanostructural Characterization

Grain boundaries examined in samples prepared in this study using both the bright-field

(BF) TEM under-focus/one-focus fresnel fringe technique and the high resolution lattice imaging

revealed the existence of grain boundary phase in all the materials characterized in this study. A

typical high resolution image of the grain boundary phase in the course grain reagnt grade sample

is illustrated in Fig. 4a and b. As shown (100) planes (0.407 nm) have been imaged in adjacent
edge-on grains clearly showing a discontinuity between the two sets of lattice planes. Thicknesses

of these intergranular glassy phases were found to be approximately - 2 ± 1 ran with little

measurable variation in thickness either along lengths of individual boundaries or throughout each
sample or between samples including those with the excess PbO additions. A direct chemical

analysis of the grain boundary phase could not be obtained owing to the small scale of the

boundaries. However, the phase is most likely Pb-rich owing to the low melting point of this

constituent and the recent SIMS study (secondary ion mass spectroscopy) by Wang and

Schulze.(24) These PbO-glassy phases are the residual of a fugitive sintering mechanism not well

understood at this time.
Although no apparent differences in grain boundaries were observed, compositional and

phase variations were found at grain boundary triple point. Second phases were found at all triple

points in the course grained materials prepared from reagent grade powders regardless of firing

condition or composition (excess up to 2 wt% PbO). A representative example of triple junction

phase is shown in Fig. 5. The EDS analysis revealed that the second phase was rich in lead and

other impurity elements such as Al, Si, P, and S as shown in Fig. 6a. Similar findings to the

observations made by Gorton et aL( 13) Diffraction analysis, Fig. 6b, of the lead oxide phase(s)

could not be indexed to any known lead-oxide phase. The diffuse concentric rings on which

diffracted spots are superimposed implying that fine crystalline phases - 10-15 run are present.

The "dirty" triple junctions were observed in all the reagent grade fine grain samples. We also

draw attention to the rounded grain boundaries at the triple points suggesting that a phase was

S/



liquid during uinwtng IneeinSy, the triple points examined in the high purity cermic were
"clean," thin is free of second phases as illustrated in Fig. 5b.

In addition to second phase(s) at triple points, various intragranular phases were observed,

though x-ray powder dffrato indicated phase pure samples. Figure 7a illustrates an example of
an intragranular particle found in a high purity sample. The phase was identified from electron

diffraction patterns as MgO, <100> zone axis patterns and EDS analysis shown in Figs. 7b and c.

In the reagent grade PMN ceramics intragranular phases of rich in Mg and Si were grown,
Mg2SiO4 has been identified from electron diffraction patterns. The Mg2SiO4 is believed to be

produced during the pre-calcination of the Mg0.93 Nbl.86Tio. 2 10 6 powder where SiO2 is an
impurity. The size and morphology of the MgO-rich phases were irregular and randomly

distributed, making any quantitative assessment of the volume fraction difficult. These MgO-rich

phases are related to dispersion problems of MgO in forming columbite phase.

In addition to the observed intragranular and intergranular microstructural features of
nanostructural features of the PMN grains were also examined. As well documented, there exists

non-stoichiometric B-site cation order domains (- 10 nm) within the PMN grains.(20 .2 1.22 )

Comparing the superlattices on electron diffraction patterns and the dark-field images revealed no

noticeable differences in size between the various PMN ceramics prepared.
So to reiterate, the presence and absence of the intergranular triple points with reagent grade

and high purity powder were the only significant microstructural changes observed with the

processing variables. Small nanostructural changes are still believed to occur but too small to be

characterized with techniques used here.

DISCUSSION

Rationalizing the complexity of the polarization mechanism of the relaxor ceramic with

regard to composition, phases, defect chemistry, in relation so dielectric piwperties is an extremely

difficult problem. Our aim is v outline the trnds and plausible explanations.

Let us first discuss the PMN-perovskite grain. The PMN grain is an ensemble of

nanoscale polar regions and chemical order domains both on the order of 10 am. The polar

regions may exist up to temperatures - 350C where it is believed the whole grain becomes

paraclectric while the ensemble of chemical ordered domains remain. Below this critical

temperature the polar regions are thermally active and begin to interact with one another and

fruscrate each others local equilibrium and is the conceptual basis of a dipolar glass description.(16 )

The chemical order domains result from the atomic ordering of the Mg and Nb ions. This is

further complicated by the belief that ordering growth is self-limited in PMN, i.e., after long heat

treatments no noticeable change to the scale of ordering has taken place. The ordering has been

9



suggested to be non-stoichiometric in nature with an ordering between Mg- and Nb-cations, close

to a 1:1 ratio. Of course, these suggestions are made from inferred experimental results and ae not

totally conclusive. However, such a suggestion can account for the self-limiting of the order size

in that there has to be a segregation of Mg- and Nb-rich regions. The Mg-rich ordered regions are

believed to be are surrounded by a Nb-rich sea in order to maintain the stoichiometry. This leave

us with a fundamental question; how would these regions compensate the charge from such

non-stoichiometric ordering? This problem has been partly addressed by a proposed defect

chemistry models involving lead and oxygen vacancies and the covalency of the lead cation but as

yet no completely satisfying explanation exists.( 13.25)

We now consider the more traditional microstructural aspects of the PMN-based ceramic.

Here the ceramic is considered as an ensemble of micron-scaled PMN grains with a few other

minor phases. The perovskite grains have been observed to be laced with a continuous amorphous

intergranular phase-most probably PbO-based. The other intragranular phases observed in this

study included Mg-rich grains in the form of MgO in high purity and a Mg2SiO4 spinel phase

previously as pointed out.

These MgO and PbO phases found in the microstructure and the non-stoichiometric

ordering at the nano-level implies a further complexity in the defect chemistry of the PMN ceramic

which still have to be solved.

The Processing Parameter Effects on the PMN Ceramic

Powder Purity and Dopants

From the above results and previously published data there is an influence on both

dielectric properties and microstructure with powder purity and other dopantL( 13)

It is interesting that the only observed microstructural differences are found at the triple

points, however, applying simple dielectric mixing laws to these discrete volumes we are unable to

account for the difference in dielectric properties. The intergranular grain boundary is observed to

be of similar thickness between the high purity and reagent grade powders so the differences in

dielectric property are thought to be the result of impurity doping of the PMN.PT grain. As already

discussed by Chet et aL, donor and acceptor doping have differing effects on the nanoscale

ordering in PMN grains.(M) Donor doping with La+3 enhances the scale of chemical ordering,

whereas acceptor doping with Na+ 1 reduces the scale of ordering. However, in their study

tremendous amounts of dopant were used to observe this effect. These results further imply that

the ordering in PMN is non-stoichiometric. The important thing to learn from that study is

aliovalent doping influences the underlying order domain size.

The above results show the dielectric constant is certainly enhanced with higher purity

powders-the impurities being Na, Al, Si, P, and S from EDS and spectrographic analyses. We

believe anion substitution is extremely unlikely with P and S, but cation substitution of A1 3 and

10



Na* can be expected. The substitution of Si+4 is not expected, since Si prefers four-fold

coordination and not the octahedr six-fold coordination as present in perovakites. There are

examples of AI+3 and Na doping in Pb(Zz,Ti)0 3 and PMN perovskites, respectively.(27) So, the

important impurities in reagent grade powder are the AI+3 and Na acceptor doping the B-site and

A-site. The acceptor doping then would decrease the size of non-stoichiometric order domains of

PMN.

To quantitatively account for changes in the dielectric constant and changes in the ordering

is beyond the present theory. However, we are able to demonstrate the sensitivity of an individual

superparaelectric region with small changes in size. Assuming the order domains localize the

superparaelectric regions as hypothesized earlier, then a change in the order domain size also
changes the size of the superparaelectric region.(28) This in turn effects the flipping frequency, co,

of the polarization in the superparaelectric region as the flipping frequency is related by the simple

expression:

I HI W=C 0 exp- KT (5)

where cD = Debye frequency - 1012 Hz,

H = height of energy barrier and is directly related to volume of the superparaelectric

region, and

KBT - the thermal energy.

Then for the same thermal energy, KBT, we can compare the flipping frequency in two

ordered regions of differing diameters, dI and d2. For just a 10% decrease (i.e., 2 unit cells in a

10 nm region) changes the flipping frequency from 104 to 106 Hz can be predicted using equation

(5). In the case of acceptor doping there is an increase in the number of small high frequency

regions relative to pure PMN so a change in the distribution of superparaelectric regions is

expected wh may account for the observed decrease in Kam and shift of Tmza.

No-Stokldohmebk Batc him Effects on PMN Ceramics
PMN-based materials batched with excess amounts of the constituent powders have

various effects on the dielectric properties, these are discussed below.

Fxeq.2uPbO

As stated in the introduction, excess PbO has two major effects on the dielectric behavior,

one is intrinsic, the other is extrinsic. The intrinsic effect is dielectric aging and the extrinsic effect

is owing to the series mixing of a continuous low dielectric PbO-based phase lowering the

dielectric constant of the ceramic.

11



Accounting for the dielectric aging with the addition of excess PbO is a difficult problem.

Traditionally, we expect aging to be induced when aliovalent cations are substituted into the crystal

structure inducing defect dipoles.(1 7,29) These defect dipoles then align with the ferroelectric

spontaneous polarization and locally breaks the degeneracy between other possible polar

orientations. The ferroelectric polarization then prefers this lower energy orientation over the other

orientations, the polarization becomes "aged" into this direction with time and locally becomes less

polarizable. For an understanding of the aging with excess PbO we turn to a defect chemistry

hypothesis below.( 7)

For a constant lead activity, the formation of doubly ionized oxygen vacancies Vo can be

represented by the reaction:

d. +- + V.-+ 29'
22 (6)

IQ= I
K,,;= n[ ]P

for a low oxygen partial pressure, P0 2 . If the P02 is high, then the formation of Vpb can be

expressed as:

(7)

• .,;. = p[ l1Pq '

For the other extreme of P02 constant, then

Pb(g) -* Pb,+ V.+ 2' (6)

',:= nrV,],;,.

where there is high lead activity, q%. In the case of low lead activity
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I .Pb -+ Pb(g) T+ I,,+ 2 I (7)

apb will be directly related to the lead partial pressure, Pbrb, assuming a volatile species of Pb.

The relative concentrations of these defects will be dependent on T, P02, and Pbpb,

although the predominant defect at any specific thermodynamic condition has still to be determined

experimentally. Regardless, with an increase of excess PbO in batching we suggest an increase in

the apb and this has an opposite effect on eqs. (6) and (7). Thus inducing an imbalance between

the [Van] and [Vj] and creating defect dipoles which could promote the aging process.

The extrinsic influence of excess PbO is to increase the volume fraction of low dielectric

constant material at the grain boundaries and thus lowering the total dielectric constanL A more

detailed discussion on this effect will be discussed with grain size and intergranular phases together

I below.

In the early 1980's, MgO was added as a means of controlling the pyrochlore formation as

observed in the introduction. The dominant effect of MgO to well-prepared PMN ceramics is the

induction of aging, Fig. 8.(17) The aging suggests an intrinsic influence of the MgO related to the

defect chemistry. It may be possible to substitute Mg on the A-site in small amounts making PbO

excess. The above arguments for PbO excess would then apply. There is no direct evidence for
Mg occupying ,he 12-coordinated A-site; but higher weight losses during sintering with MgO

excess and also the presence of aging both give this possibility. Another, and more feasible

possibility is the excess substitution of Mg on the B-site, thus perturbing the overall 1:2 ratio of

Mg and Nb cation and effectively acting as an acceptor dopant. More detailed aging ram studies are

needed to substantiate the differences in the aging between excess PbO and excess MgO.

Excess Nb2OS promotes pyrochlore formation and changes in the dielectric constant

appears to be pdy extrinsic owing to dilute of the perovskite dielectric constan Chen et

al., found the reduced dielectric constant in such ceramics obeyed simple dielectric mixing

I laws.(30) For low volume fractions of pyrochlore phase in PMN and also for converse case of low

volume fraction of PMN in pyrochlore the dielectric mixing laws suggested by Weiner showed aI good fit. For intermediate amounts of pyrochlore in PMN a close fit with logarithmic rules was

formed. Aging effects of Nb2O5 additions were not discussed by Chen.(30)
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Grata Sim Dep ndence
The origin of the grain size dependence in the PMN-based relaxors is an important

question. The extrinsic contribution from the continuous intergranular glassy phase reduces the

dielectric constant by dielectric mixing. From our TEM studies it is clear that despite changing

powder-purity, sintering temperature, and annealing and controlling lead dissolution a

remanent glassy intergranular phase is always present in the ceramics produced here. This PbO

glassy phase is - 2 ± I nm in thickness in these well-prepared materials. There may be slight

variations in the thickness of this grain boundary phase owing to the different crystallographic

orientations between adjacent grains, but no evidence of inhomogeneous distributions in grain

boundary phase on the scale's observed in modified PZT.(3 1)

In modeling the dielectric mixing between grain and intergranular phase one has to use the

most appropriate mixing rule. A generalized expression for a multiphasic dielectric is:

(8)

Diphasic mixing reduces the expansion to two terms i = 1 and 2 for the respective dielectric phases,

Vi is the volume fraction and Ki is the dielectric constant.

For the case where n = + 1 we obtain K = VIKI + V2K2 which corresponds to parallel

dielectric mixing.
For the casen=- 1 we obtain the expression j

1 V V2

+ (9)

which corresponds to the series mixing. The case n - o corresponds to the empirical logarithmic

law:

log V= V, log N + V log K. (10)

Although, in general the microstructure is a mixture of parallel and series intergranular

boundaries, it is the series boundaries which dominate the magnitude of the dielectric constant.

The overall dielectric behavior for cases where the matrix dielectric constant KI >> K2 the

intergranular phase dielectric constant and the volume fractions of each phase are such that

14
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VI >> V2, the so-called Wick-wal approximation applies. This reduces the series law to include

the volume fraction of series grin boundary phase only. 3 4)

1 V _

With PMN:PT based ceramics the PMN-grains have extremely high dielectric constants

2! 20,000 compared to an intergranular lead glass phase assumed K2 - 20.02) Also, the volume
fraction of the intergranular phase is small compared to the grain, as the thickness, tgj, of the grain

boundary phase is very small compared to the grain size tgb a modification to the brick-wall model

can be made such that:

1 1 1 andR=--
R.K le b(12)

where: Kg = dielectric constant of the grain
Kg.b = dielectric constant of grain boundary and R is the thickness ratio between

grain size, tg and grain boundary thickness, tg.b

Now the argument to distinguish between an extrinsic PbO layer or an intrinsic change to

the relaxor grain to account for grain size dependence goes as follows. If the grain size

dependence is solely controlled by changing R, the thickness ratio, the grain boundary contribution

to dielectric constant KS.b is temperature ijdcd (for temperatures in the range studied here).

So the only temperature depeneoce for the ceramic dielectric constant, K, comes from the grains

themselves, K9. The dielectric temperature dependence of the grains would be expected to be

identical to the single crystals K0r 2 and so it follows:

#/ = K" O (13)

But,
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(_ -TZ 1

Where: KCrt dielectric constant of single crystal PMN:PT.,

KCrYStmax = maximum dielectric constant of single crystal PMN:PT,

T = - at maximum dielectric constat and
=jyz diffuseness coefficient from single crystal PMN. N

Combining equations (10), (11), and (12) leads to

2

A=.( +R,( bJ A= - (15)

However, it is also possible to represent the inverse dielectric constants temperature dependence of

the ceramic as follows:

1 = (T - T ,) 2

2&. (16)

where: Km = the maximum dielectric constant of ceramic, and
8 = diffuseness coefficient of ceramics.

Equating the equations (13) and (14) we have

1 1 1 1

R K9,. (17)

and

2I= '62, A= = constant (18)
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Equation (18) suggests that 62Kmax is a constant for all grain sizes provided the grain size

dependence of K is only owing to the change in ratio R of grain size and grain boundary thickness.

A plot of 62 Kra versus grain size (l/tg) for PMN:PT (0.93/0.07) is shown in Fig. 9. A very

weak slope indicates that the extrinsic grain size dependence is not the complete explanation of the

phenomenon. However, the slope is very weak in grain sizes > 1.0 gim indicating the extrinsic

contribution is dominating. Recent evidence in PMN further indicates an intrinsic effect is also

present.(35) Papet et al. showed a shift of the Curie maximum to higher temperatures with smaller

grain size and also a dielectric constant K - 300 measured from PMN particles - 70 nm in a 0-3

composite.

In the grain size range studied here > 1.0 gm as the extrinsic mechanism dominates this

allows the application of equation (15), to the grain size dependence of Kmax. Figure 10 shows
the 1/Kmax variation of inverse grain size (1/tg). If this data is fitted to equation (17), the slope is

related to tg.b/Kg. Then using Kg.b , - 20, typical values for lead glasses.(3 2) This approach

predicts a thickness of the grain boundary phase 1.8 nm which is a good agreement to the TEM

measured grain boundary thickness - 2.0 ± 1.0 nm. The intercept of Fig. 10 shows a Krna

- 29,000 for single crystal values of PMN:PT (0.07). Using Fig. 9 we can also suggest values of

8 - 38 for single crystal PMN:PT.

This approach of characterizing K, 8, and tg.b from grain size data is very useful as it can

aid the processor to eliminate variations in the grain boundary extrinsic contribution in relaxor

ferroelectrics.

Annealing Treatments

Annealing PMN-based samples without grain growth were found to enhance the dielectric

constant. The major effect of amicaling is the reduction or redistribution of lead oxide grain

boundary phase just small reduction in this enhanced the overall dielectric constant. It is possible

that a slight intrinsic change to the order domain distribution can also take place and so similar

arguments involving an increase in size and the raising of dielectric constant can be applied. The

influence and sensitivity of each intrinsic or extrinsic effect is most important depends on the

annleaing temperatures. Temperatures below 800"C are more likely to be changing intrinsic effects

whereas higher mniperanres would be reducing the volume of PbO in the grain boundaries.

SUMMARY AND CONCLUSIONS

Subtle changes in processing procedures can significantly affect dielectric properties of

PMN-PT ceramics. Reasons for this is the complexity of interaction between atomic (defect

chemistry), nanostructural and microstructural features making up the PMN ceramic as

summarized in Fig. 11. In most ceramics the processor is concerned with either the
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microstructural or atomic structural levels in engineering the required properties. Although the

nanostructural levels gives the relaxor its particular properties, this additional level makes the

processing much more difficult than other electronic ceramics. In that small size changes in the

nanostructure strongly influences the effect of the intrinsic relaxor behavior.

This paper has demonstrated which processing variables affect the particular structural

levels and in turn give rise to which intrinsic or extrinsic changes. Intrinsic changes cover those

which influence the relaxor mechanism directly at the atomic and nanostructural levels. Where as

extrinsic changes are more related to the microstructural levels influences on the dielectric

properties.
With the present knowledge of processing PM.N as reviewed in the introduction the major

extrinsic influence is the ratio of grain boundary thickness and grain size. A technique was

developed which, for grain sizes 2 1.0 pL.m, can use with annealing treatments to eliminate the

maximum amount of intergranular phase for a range of grain sizes to obtain the maximum dielectric

properties. Grain size dependency in relaxors is believed to be both explained by the extrinsic

contribution recent work on PMN implies a second intrinsic mechanism is important to lower

particle and grain sizes. This mechanism will become more apparent as PMN thin films are

produced but the processing of these thin films will have to be developed in a similar manner to the

ceramic processing.

REFERENCES

1. G.A. Smolenskii. J. Phys. Soc. Jpn., 21 (1970), Suppl. 26.

2. L.E. Cross. Ferroelectrics, 76 (1987), 241.

3. C.A. Randall, A.S. Bhalla, T.R. Shrout, and L.E. Cross. Mat. Res. Bull., 5£ No. 4

(1990), 829.
4. T.R. Shrout and J.P. Dougherty. Ceram. Trans., & (1990).

5. K. Uchino, M. Tatsumi, L Hayashi, and T. Hayashi. lap. I. App!. Phys., 24 (1985),

733-735.

6. M. Inada. Jap. Nat'!. Tech. Rep., 2711] (1977), 95-102.

7. M. Lejune and J.P. Boilot. Ceram. Int., &13] (1982), 99-104.

8. S.L. Swartz and T.R. Shrout. Mat. Res. Bull., 18 (1983), 663-667.

9. S.J. Jang. Ph.D. Thesis, Pennsylvania State University (1980).

i 0. M. Negase. Matsushita Electric Co. Wireless Lab Report, (1968), IDI-6137.

11. S. Swartz and T.R. Shrout. Mat. Res. Bull., 12 (1982), 1245-1250.

12. E. Goo and G. Thomas. J. Am. Ceram. Soc., b2 (198 1), C188-C 190.

18



13. A.J. Gorton, J. Chen, IL Chen, D. Sm j. Harmer. Proceedings 6th IEEE

Int'l. Symp. AppL Ferroelectrics, (1988), 150-153.

14. P. Paper, J.P. Dougherty, and T.RX Shrout. (Submitted to Ma. Res. Bull. (1990)).

15. T.R. Shrout, U. Kumar, M. Megherhi, W. Yang, and S.J. Jang. Ferroelectrics, 76

(1989), 474-487.

16. D. Viehland, S.J. Jang, and L.E. Cross. (Submitted to J. Appl. Phys. (1990)).

17. T.R. Shrout, W. Huebner, A.D. Hilton, and C.A. Randall. Ferroelectrics, 2 (1989),

361.

18. D.R. Clarke. 1. Appl. Phys., 4. No. 4 (1978), 2407.

19. O.L. Kvaneek, T.M. Shaw, and G. Thomas. J. Appl. Phys., 5. No. 6 (1979), 4223.

20. H.B. Krause, J.M. Cowley, and J. Wheatley. Acta Cryst., A3. (1979), 1015.

21. J. Chen, A. Gorton, H.M. Chan, and M.P. Harmer. J. Am. Ceram. Soc., 69, No. 12,

C303 (1986).

22. A.D. Hilton, C.A. Randall, D.J. Barber, and R.W. Whatmore. Inst. Phys. Conf. Series.

No. 90, Chapter 9 (1987), 315.

23. W.Y. Pan, E. Furman, G.O. Dayton, and L.E. Cross. J. Mat. Sci. Len., 5 (1986), 630.

24. H.C. Wang and W.A. Schulze. J. Am. Ceram. Soc., 214] (1990), 825.

25. D.M. Smyth, M.P. Harmer, and P. Peng. Proceedings of the Center for Dielectric Studies

Symposium on the Improvement of Multilayer Capacitor Reliability, (1989), 231-240.

26. J. Chen, H.M. Chan, and M.P. Harmer. J. Am. Ceram. Soc., l2[4] (1989), 593.

27. R. Gerson. J. Appl. Phys., 11 (1960), 1615.

28. C.A. Randall and A.S. Bhalla. Jap. J. Appl. Phys. 2. No. 2 (1990), 327.

29. W.Y. Pan. J. Am. Ceram. Soc., 21, No. 1 (1988), C17.

30. J. Chen and M.P. Harmer. J. Am. Ceram. Soc., fX[1] (1990), 68.

31. C.A. Randall, DJ. Barber, and R.W. Whatmore. J. Mat. Sci., 21 (1987), 925.

32. W.D. Kingery. Introduction to Ceramics, publishrd by John Wiley and Sons, Inc., pp.

706 (1960).

19



I
Figure Captions m

Figure 1. Typical difference between dielectric constant (100 Hz) and dielectric loss temperature
dependence in PMN:PT (0.93:0.07) made from high purity (H.P.) and reagent grade
(R.G.) powder.

Figure 2. Variation of the dielectric constant temperature dependence (100 Hz) with grain size
in PMN:PT (0.93:0.07) ceramics.

Figure 3. Typical example of the aged and deaged dielectric behavior as a function of
temperature (at 100 Hz, 1 KHz, 10 KHz, and 100 KHz) for course grain (- 6 im)
high purity but excess PbO ceramic.

Figure 4. a) Lattice image of course grained PMN:PT grains close to a grain boundary,
showing a grain boundary phase - 2 rm.

b and c) Under-overfocus micrographs of grain boundary phase in PMN:PT
ceramics, reversal in contrast implies presence of grain boundary phase (ref. 18).

Figure 5. a) Glassy phase found at triple point in reagent grade PMN:PT ceramic.

b) Clean triple points in high purity PMN:PT ceramics.

Figure 6. a) Triple point in reagent grade PMN:PT ceramic.

b) EDS of triple point in reagent grade PMN:PT ceramic.

c) Electron diffration pattern reveals some diffraction spots.

Figure 7. a) Rare intergranular phase of MgO in high purity PMN:PT (0.93:0.07) ceramic.

b) <001> diffraction pattern of MgO.

Figure 8. Variation of aging rate with the batch of deficient and excess MgO in PMN:PT
(0.93:0.07) ceramics.

Figure 9. Variation of 82YKm and grain size for PMN:PT (0.93:0.07) reagent grade ceramics.

Figure 10. Variation of 1/Kma and grain size for PMN:PT (0.93:0.7) reagent grade ceramics..

Figure 11. Schematic diagram showing variations and interactions of the structural levels in the
PMN:PT ceramic system.
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Figure 4. a) Lattce image of coums grained PMN:PT grains close to a grain boundary,Showing a grain boundary Phase - 2 nmm
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b) <001> diffraction pattern of MgO.
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Effects of Sm20 3 and Gd 20 3 + Nd 20 3 on

Electromechanical Properties of PbTIO 3 Ceramics

W. R. Xue,o Walter A. Schulze,*,t and Robert E. Newnham*

Materials Research Laboratory. The Pennsylvania State University, University Park, Pennsylvania 16802

The electromechanical properties of PbTiO3 ceramics, modi- aqueous poly(vinyl alcohol) solution was added, and the mix-
fied by substitution of Sm or Gd + Nd (same average atomic ture was molded into disks 20 mm in diameter by 2 mm in
radius as Sm) for Pb, were studied in the range of 6% to 14% thickness. They were sintered at 1100 ° to 1200°C for 2 h in a
substitution. The modified PbTiO3 ceramics were stable, PbO atmosphere. The lattice constant was measured by X-ray
and the Curie temperature decreased linearly over this com- diffraction using CuKa radiation. Sputtered gold electrodes
position range. The 10% Sm composition had a large an- were applied, and poling was conducted in vegetable oil at
isotropy in the coupling factor ratio, k,/k,. and a similar, but 150°C using an electric field of 50 kV/cm for 5 min. The tem-
weaker, effect developed for 12% (1/2 Gd + 1/2 Nd). This peraturc dependence of the dielectric constant was measured
indicates that other than average ion size may influence at 10. 100, and 1000 kHz over the range from 50 to 5(X]-C

the eleclromechanical coupling factor ratio. (Key words: using a multifrequency inductance-capacitance-resistance
electromechanical properties, lead titanate, samarium, (LCR) meter. Impedance circle diagrams were used for mcas-
neodymium, gadolinium.] uring piezoelectric characteristics at room temperature.5 The

piezoelectric coefficient d,3 was measured at 100 Hz using a

1. Introduction d 33 meter.t

LEAD TITANATE ceramics are very useful piezoelectric ma- i ll. Results and Discussion

tcrials because of their relatively small dielectric constant,
high Curie temperature, and large piezoelectric anisotropy. Table I lists the tetragonal parameters a and c. The c/a ratio
Transducers made from PbTiOj can be used at high tempera- decreases very slightly with increasing Sm content. Unit-cell
tures and high frequencies.' Two new types of PbTiOl ce- dimensions for the Gd + Nd series are similar to those for
ramics have been investigated recently." One was modified Sm. Curie temperatures of the Sm- and (Gd + Nd)-doped
by the partial substitution of alkaline-earth metals for Pb and ceramics are also listed in Table !. The Curie temperature
the second by rare-earth metals for Pb. decreases approximately linearly with increasing Sm or

In 1981, Yamashita reported on PbTiO3 ceramics modified Gd + Nd content. The Curie temperature of (Gd + Nd)-I with alkaline-earth metals.' The coupling factor ratio, k,/k,, substituted PbTiO, is nearly the same as that of the Sm-
of this material is 12, an exceptionally high value. In 1982, substituted material with the same content.
Takeuchi described transducers with k,/k, as high as 15, The piezoelectric coefficient d3 increases with increasing
made by poling (Pbo0Smoog)(TiousMno0 2)O3 ceramics at Sm or Gd + Nd content, but not in a linear fashion. Compar-
150°C and 60 kV/cm.' ing these two systems, the d 33 values of the Sm system are

To obtain electroeramics with a k,/k, ratio as high as pos- slightly higher than those of the Gd + Nd system. Table I
siblc and to examine the influence of the substitution cation lists the eictromechanical coupling factors k, and k,. The
radius, we have investigated the effects of Sm and Gd + Nd planar coupling coefficent k, decreases with increasing Sm,
on the electromechanical properties of PbTiO3. The ionic reaching its smallest value at 10% Sm; it then begins to
radii for the three rare-earth ions are Sm', 0.096; Gd'. increase. The thickness coupling factor k, increases with

0.094; and Nd', 0.098 nm (0.96, 0.94, and 0.98 A, respec- increasing Sm up to 10%, and then remains approximately
tively). Hence, doping PbTiO3 with a 50:50 mixture of constant with further increases in Sm content. For
Gd" + Nd3" should mimic the behavior of Sm'-doped Pb- (Gd + Nd)-doped ceramics, k, decreases with increasing
TiO3 if ionic size is the critical factor. Gd + Nd content, whereas k, differs from the Sm trend and

decreases with increasing dopant. The coupling factor ratio

11. Experimental Procedure k,/k, reaches maximum values of 17 for 10% Sm and 10 for
12% (Gd + Nd). The increase in the ratio for the Gd + Nd

Two composition ranges were studied: (Pb1 1 s.Sm,)(Tioq- dopant results from k, decreasing more rapidly than k, while

Mn 0oa)O, and (Pb1_ ,,(Gd01 + Nd 0 4s))(TiomMngo2)O. In the ratio for the Sm-doped material drops because of the re-
the Sm series, ceramic specimens were prepared with duction of k,.
x = 0.06, 0.08, 0.10, 0.12. and 0.14. Samples with Gd + Nd
substitutions were prepared withy = 0.08, 0.10, and 0.12. The IV. Summary
raw materials were processed by ball-milling in plastic jars
using zirconia balls. Calcining was conducted at 9(J0C for I h, PbTiO3 ceramics modified by substitution of Sm or Gd + Nd
and then the powder was crushed again. A small amount of for Pb are stable in the range 6% to 14% substitution. The

Curie temperature decreases linearly over this range.
The ratio of the electromechanical coupling factor k,/k,

D M. Smyth-contrihuting editor is highest at the 10% Sm composition. Even though the Gd +
Nd addition mimics very closely the Sm radius, the k,/kv
ratio did not change as much as with Sm and, unlike the

Manuscript No. 198126. Received September It. 1989; approved Janu- Sm-doped material, k, dropped with increasing dopant. These
ary 26, t990
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Table I. Lattice Parameter, Piezoelectric Coefficients, and Curie Temperature of Modified PbTiO, Ceramics
Composition a (A)" c IA)" c/a T. (IC) d3, ( x 10

" C/N) a (%) A, (%) k,/A,

0% 3.905 4.152 1.063 490
+6% Sm 3.904 4.142 1.061 393 54 4.5 32.0 7.1
+8% Sm 3.911 4.145 1.060 357 61 3.2 43.4 13.6
+10% Sm 3.909 4.138 1.059 321 68 2.5 42.7 17.1
+12% Sm 3.895 4.124 1.059 282 72 6.3 42.7 6.8
+ 14% Sm 3.894 4.123 1.059 255 74 6.4 44.5 7.0
+4% (Gd + Nd) 3.906 4.140 1.060 354 59 6.0 44.0 7.3
+5% (Gd + Nd) 3.898 4.124 1.058 326 62 3.8 36.0 9.5
+6% (Gd + Nd) 3.899 4.129 1.059 297 65 2.8 29.0 10.4
) A = i0 nm. I

results suggest that factors other than ionic radius affect the 'Y. Yamashita. K. Yokoyama. H. Honda. and T. Takahashi. "Piezoelectric

and coupling anisotopy. Properties of Modified PbTiO Ceramics Containing Alkaline Earths." Jp,
coupling I Appl. Pt.vs.. 20 [4. Suppl.] 183 (1981).

'H. Takeuchi. S. Jyomura. E. Yamamoto. and Y Ito. "Electromechanical
Properties of (Pb.Ln)(Ti.Mn)Oi Ceramics (Ln = Rare-Earthsl.'J Accousi.

References Soc. Am.. 72. 1114 (1982).
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SOLUTION-SOL-GEL PROCESSING OF LEAD MAGNESIUM NIOBATE
THIN FILMSt

P. RAVINDRANATHAN, S. KOMARNENI*, A. S. BHALLA, L. E.
CROSS AND R. ROY

Materials Research Laboratory, The Pennsylvania State University, University

Park, PA 16802, USA.

(Received for Publicaton June 27. 1990)

Abstract Lead magnesium niobate (PMN) thin films were prepared by a
solution sol-gel (SSG) technique. X-ray diffraction analysis indicated that the
perovskite phase of PMN formed at a temperature as low as 775"C. A highly
oriented film along (I ll) direction was obtained on silicon substrate . The
orientation and crystallization rate were strongly influenced by the type of
substrate and heating conditions.

INTRODUCTION

Lead magnesium niobate (PMN), Pb(Mgj/3Nb2/3)O3 with perovskite structure
has recently received considerable imporance in the area of electronic ceramics
because of its excellent dielectric and ferroelectric properties. 1 The preparation
and properties have been investigated in both single crystal and ceramic forms.
However, there are only few reports about the preparation of PMN thin films in
the literature. 2 , 3 One of the problems with PMN ceramics is the difficulty in
producing a single phase material consisting of only the perovskite phase.
Depending on the processing conditions, a second phase of pyrochlore may
be present which reduces the dielectric constant of the material. We have reported
earlier the preparation and properties of PMN ceramics using solution sol-gel
method.' 5,

The use of sol-gel method can offer many advantages in the preparation of
electronic ceramics such as purity, homogeneity, ease of forming a variety of
structures, low processing temperature and unique combination of properties. In
this paper, we describe the preparation of PMN thin films by a solution-sol-gel
method.

3 EXPERIMENTAL PROCEDURE

Fig. I illustrates the flow diagram for the preparation of solutions and films
using a SSG method. The concentration of the solution was 0.08 mole/litre.
This soluticn was stored in a glove box to prevent hydrolysis from the humid air.
The homogeneous solution of PMN was used for spin coating on silicon wafer
I I I , platinum film which was sputtered on I I I silicon and o100] MgO single

I .... ..... ...... ...
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crystal [100] substrates. Thesubstrates were cleaned by standard semiconductor
processing techniques. Finally, the substrates were rinsed with
2-methoxyethanol and dried using precision duster. This substrate cleaning
procedure was found to improve film quality. Hydrolysed solutions were applied
to all the substrates which were then spun at a speed of 2000 rpm for 45
seconds. After each spin coating deposition, the substrates were heated in a
furnace at 300"C for 15 minutes. After the final deposition, the films were
calcined at various temperatures in air between 700 to 850'C at intervals of 25"C
for 30 to 120 minutes. The films were calcined at several heating rates also. In the
last firing, the furnace was set at a desired temperature and the sample was placed
in a platinum foil and introduced into the furnace. In the slow firing, the samples
were heated at 5"C/minute.

The hydrolysed solution was kept in a beaker to form a gel. The dried gels
were calcined at 775"C for 120 minutes. Thermal analysis of the gel was carried
out in air with a heating rate of 10"C/minute. The films were charaterized by
x-ray diffraction (XRD) analysis. The thickness and the grain size of the films
were observed by a scanning electron microscope (SEM).

RESULTS AND DISCUSSION
The thermal analysis of the gel showed an endotherm at 108C which

corresponds to removal of water associated with the gel and an exotherm at 34 i'C
corresponding to the decomposition of organics. About 18.8% weight loss
occured in the temperature range of 30' - 330"C. The removal of all organics
occurs at about 330"C. The films and the gel were heated first at 350'C for 120
minutes and then at 775'C for 120 minutes. The gel calcined at 775"C for 120
minutes showed the formation of perovskite phase (-98%).

The films deposited on the various substrate were calcined at different
temperatures revealed that the optimum temperature is 775"C. The XRD pattern
of the film calcined at 775"C for 120 minutes on Si substrate is shown in figure 2.
The amount of perovskite phase can be calculated using the X-ray intensity of the
(I 1) or (110) peak of the perovskite phase and the intensity of the (222) peak of
the pyrochlore phase as has been reported earlier.2 '4 The amount of perovskite
phase was found to be only 83%. The XRD pattern indicates the formation of
highly oriented film along [Il I direction. There are also some peaks
corresponding to the pyrochlore phase. As pointed out earlier the problem with
PMN ceramics is the difficulty in producing a single phase material consisting of
only the perovskite phase. With our earlier observation 7 and other reports it is
concluded that the formation of perovskite phase from pyrochlore phase may be a
kinetic problem. The amount of perovskite phase formed increased as the number
of layers deposited on silicon substrate increased. The heating rate, however, did
not affect the orientation of the film on silicon substrate. The same orientation
along I I I I 1 direction was also observed on platinum sputtered silicon. The films
fired with a heating rate of 1500C/ minute formed highly oriented films along
[ 1101 direction on platinum sputtered silicon and the amount of perovskite phasei was found to be >96%. With MgO substrate, the film calcined at 800*C for 30

I
I
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minutes showed the formation of only a small amount of perovskite phase with
11001 orientation. The complete formation of perovskite phase was not
observed by uspere and this observation is in disagreement with that reported by
Oluwada et al.P

.. .I ... . I .... I....

*- pyrochlore

4 Si

2 8

20 30 40 50 60
2e,DEGREES (CuKa)

FIGURE 2. XRD pattern of PMN film calcined at 775"C for 120 minutes on
silicon substrate.

The reason for this difference is not totally clear but it may be due to difference
in the precursor solutions. All the films showed a thickness of about 0.3 to 0.5
pm. A typical SEM of PMN film on silicon substrate is show in figure 3. This
film was made by five repeated coatings and calcined at 775"C. The thickness of
the film was found to be 0.3 pm. The grain size was < 0.1 pm.

CONCLUSION AND FUTURE WORK

Lead magnesium niobate thin films with perovskite structure were prepared by
solution sol-gel method. The film calcined at 775"C for 2 hr showed >95% of

I
i i J JI
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FIGURE 3. Scanning electron micrograph of PMN film on silicon substrate.

perovskite phase. A highly oriented film along Il I II direction was obtained on
silicon substrate. The heating rate was found to affect the orientation of the thin
film on platinum sputtered silicon substrate. Further work on the preparation of
the PMN-PT films by the SSG method reported here and their electrical property
measurements are in progress.
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The role of particle and grain size on the dielectric behavior of the perovskite relaxor
ferroelectric Pb(Mg,13Nb2/3)O 3 [PMN] was investigated. Ultrafne powders of PMN were
prepared using a reactive calcination process. Reactive calcination, the process by which
morphological changes take place upon reaction of the component powders, produced
particle agglomerates less than 0.5 Am. Through milling, these structures were readily
broken down to -70 nanometer-sized particulates. The highly reactive powders allowed
densification as low as 900 'C, but with corresponding grain growth in the micron rdnge.
Such grain growth was associated with liquid phase sintering as a result of PbO-Nb2 O5
second phase(s) pyrochlore. Sintering, assisted by hot uniaxial pressing, below the
temperature of liquid formation of 835 °C, allowed the fabrication of highly dense
materials with a grain size less than 0.3 Am. The dielectric and related properties were
determined for samples having grain sizes in the range of 0.3 Am to 6 jim. Characteristic
of relaxors, frequency dependence (K and loss) and point of T.. were found to be
related to grain and/or particle size and secondarily to the processing conditions.
Modeling of particle size/dielectric behavior was performed using various dielectric
properties of 0-3 composites comprised of varying size powder in a polymer matrix. An
intrinsic-microdomain perturbation concept was proposed to interpret observed scaling
effects of the relaxor dielectric behavior in contrast to normally accepted extrinsic grain
boundary models.

I. INTRODUCTION relaxor dielectric behavior, suggesting that localized

Lead magnesium niobate, Pb(Mglf3Nb/3)O 3, be- polar microregions are analogous to spin cluster behav-

longs to a family of complex Pb(B'B')0 3 perovskites ior in superparamagnets. Cross's "superparaelectric"
which are known as relaxor ferroelectrics. First discov- concept accounts for many of the observed proper-

ered by Smolenskii,' 2 these materials exhibit broad and ties of relaxors including the frequency dependence of

anomalously large dielectric maximas which make them the permittivity, dielectric aging, and also metastable

ideal candidates for multilayer capacitors (MLCs) and switching from micro -. macrodomain. More recently,

electrostriction actuators, electro-optics. 3'" The follow- Randall et al. proposed a connection between localized

ing materials are distinguished from "normal" ferroelec- B-site cation ordering and relaxor behavior Common

trics by the presence of a broad diffuse and dispersive to all the above models is the fact that the structural

phase transition. The dielectric constant (K) peaks at origin of relaxor behavior is on the scale of 10-100 im.

T., but because of the dispersion in the Curie t - As relaxor-based materials continue to play an in-

ture can be defined only in reference to the frequency creasing role in electro-ceramics, it is important that

at which the measurements are made. The spontaneous one understands the role of microstructural relationships

polarization, P, is not lost at T, but gradually decays to on the overall relaxor dielectric behavior. This impor-
zero with increasing temperature above T,. Relaxor tance is exemplified in applications such as multilayer
materials show no evidence of optical anisotropy or capacitors, thin films, and actuators, where microstruc-
x-ray line splitting (pseudo-cubic structural changes), tural features such as grain sizes are approaching the
even well below T,. scale of the origin of relaxor behavior. The objective of

The most widely accepted models for the under- this work was to investigate the role of grain size and
standing of relaxor ferroelectric phenomena come from particle size in PMN ceramics as it approaches the as-
Smolenskii' and Cross.' The generally accepted inhomo- sociated nanoscale region of relaxor dielectric behavior.
geneous microregion model postulated by Smolenskii
et al. bases the origin of the diffuse phase transition on 11. EXPERIMENTAL
local compositional fluctuations associated with B-site In order to investigate the influence of particle and
cation disorder, resulting in a distribution of Curie tem- grain size as they approach the associated scale of re-
peratures. Cross further enhanced the understanding of laxor ferroelectrics, one must start with nanosized pow-

2902 J Mater Res. Vol 5, No. 12, Doc 1990 C 1990 Materals Research Socoety
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diers. Such powders are generally achievable utilizing treatment was very efficient in this case, producing a
only sophisticated chemical techniques.' In this study, calculated particle size of the milled powder (70 urn) in
PMN powder was prepared using a co-precipitation a range generally achievubi using only chemical syn-
process, similar to that reported in Ref. 9. However, in thesis techniques. For all process conditions, the degree
the process, to get phase purity required relatively high of agglomeration as given by AAN(.0), which represents
calcination temperatures (;0850 C) to ensure per- an estimate of the number of primary particles in each
ovskite formation and hence resulted in particle sizes agglomerate," was found to be similar and overall low.
>1 Am. Alternatively, very fine PMN powder was pro- The absence of a structural and corresponding
duced via solid state reaction using a reactive calcina- abrupt ferroelectric phase transition in relaxor ferro-
tion process in conjunction with high energy milling. electrics eliminated the possibility of alternative pow-
Characteristic of lead-based perovskites, a large volu- der characterization methods, e.g., differential thermal
metric expansion occurs upon reaction. At this point, analysis (DTA) and x-ray diffraction, to look at possible
the morphological development results in a spongy size effects on the transition as observed in normal
skeletal type structure, which is susceptible to milling. ferroelectrics.'" Hence, various sized powders were used
This process, known as reactive calcination, is well de- to prepare 0-3 polymer composites" in which the
scribed in a previous paper for numerous lead based dielectric behavior of the powders themselves could be
perovskite compounds. 0  determined, utilizing various dielectric mixing models.

For the case of PMN. the component powders used The preparation of 0-3 composites consisted of homo-

were Hammond 2PbCO3-Pb(OH). (99%) and MgNb 2O6 geneously mixing prepared powders (-35 vol. %) with
columbite, prepared by prereacting Fisher Scientific a polymer (epoxy resin) to obtain a composite where
MgCO, (99%) and Fansteel Metals Nb 2O (99.5%) at the grains of powder were embedded in a 3-dimension-
1200 °(2/4 h. The columbite precursor method, first uti- ally interconnected polymer matrix.
lized by Swartz and Shrout," helps eliminate the poten- To investigate the effects of particle size on sinter-
tial of unwanted lead-niobate pyrochlore phase(s). ing behavior and subsequent grain size, disks (10 mm

The powder mixture was calcined at 650 °(/4 h in diameter) were prepared using polyvinylbutyral binder
order to obtain the point of maximum volume expan- followed by burnout. The resultant green densities were
sion. High energy milling was performed using a Union in the range of 58-60% of theoretical density. Both
Process Model-01 attritor mill. For this, the power was conventional sintering in the temperature range 900-
mixed with de-ionized HIO and polyelectrolyte dis- 1100 "C and hot uniaxial pressing in the range of 800-
persant (Rohm and Haas Tamol 901). The reactively 900 °C were used, the latter being required to prevent
calcined and milled powders were characterized for sur- anomalous grain growth associated with the presence
face area, particle size, average agglomeration number of a liquid phase as a result of PbO-Nb 2Os-pyrochlore
AAN(50), and phase purity by x-ray diffraction. The formation, to be discussed later. Weight loss due to
powder was found to contain a small amount of py- PbO volatility was limited to less than 1%.
rochlore; hence, another powder was calcined at The fired samples were characterized for geomet-
900 "C/4 h to completely eliminate possible effects of ric density and grain size using scanning electron
pyrochlore, and milled as above. Characteristics of the microscopy (SEM) of fractured surfaces and transmis-
various powders are reported in Table 1. The reactively sion electron microscopy (TEM). Selected samples of
calcined powder was very fine with a calculated par- varying microstructures were polished and electroded
ticle si.: of 0.45 Mm. Clearly, it appears that the milling using sputtered-on gold. The dielectric properties were

TABLE 1. Physical characteristics of calcined powders.

Specific surface Calculated Measured (median)
Calcined Milling area particle size' particle size'

Samples temperature time m n/g (nm) (A m) AAN(50)'

650 UM 650 "C (4 h) Unmilled 1.65 450 1.5 (sedigraph)' 37
650 M 650 *C (4 h) 4 h 10.07 70 0.2 (TEM) 23

900 UM 900 "C (4 h) Unmilled 0.54 1400 4.6 (sedigraph) 35

900 M 900 "C (4 h) 4 h 4.07 180 0.6 (TEM) 37

'Equivalent spherical diameter (ESD) determined through the equation D b boS.4. where p is the theoretical density. SA the specific sur-
face area. and D the calculated primary particle size.

'AAN(50) - (MPS)9/(ESD)3
'Model 5000 sedigraph, micromentics. Norcross, GA.
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measured pseudo-continuously from 120 "C to -60 "C was slightly dependent on the pressure. Although pyro-
a various frequencies (100 Hz, 1, 10, 100 kHz) using a chiore was observed in the reactively calcined powdenm
Hewlett-Packard automated system. none remained after sintering. In the case of 900M

Characteristic of the dielectric temperature behav- powder only -89% density was reached by hot uniaxial
ior in relaxors, values of K.., T., and relative fre- pressing at 870 "C; the grain size was close to 0.45 gm.
quency dispersion which characterize the broadness of A representative TEM photomicrograph of a hot pressed
the dielectric peak, were determined, including the 0-3 fiue grain PMN sample is shown in Fig. 2. Though the
composites. thermal process conditions were at low temperatures,

the microstructures were well developed with only a
Ill. RESULTS AND DISCUSSION few dislocations and inclusions observed.

The sintering behavior of the reactively calcined Dielectric propeties
(650 °C) (milled and unmilled) and the high tempera-
ture calcined powders (900 'C) are shown in Fig. 1. As The physical and dielectric properties of PMN
presented, the reactively calcined powders began to sin- samples as a function of sintering conditions are re-
ter as low as 700 °C, reaching >90% theoretical density ported in Table II. To compute the maximum dielectric
near 900 *C. As expected, reactivity was enhanced by constant (K.. or K,) versus grain size, we first have to
milling. Figure 1, however, demonstrates that the sin- take into account porosity. We estimated the real value
tering behavior of the powders was not related to parti- of K., without porosity, using Wieners mixture rule for
cle size only, since the 900 °C milled powder was finer diphasic solids containing an isolated spherical minor
than the 650 °C (unmilled), yet the latter densified phase given as'6:
more readily. This difference was again noted in the K - K/K + 2K, V- (K2 - KI)/K 2 + 2K1 , (1)
grain growth behavior. As presented in Table 11, 900 °C
calcined/milled samples (900M) exhibited smaller grain where K is the average dielectric constant, K, and K2

sizes than the reactively calcined materials. Both the the dielectric constant of phases 1 and 2, respectively,
sintering and grain growth behavior were correlated to and V2 the volume fraction of phase 2, which is assumed
the presence of pyrochlore in the reactively calcined to be constituted of spheres embedded in a matrix of
powders, resulting in liquid phase formation corre- phase 1. Assuming the porosity is not interconnected,
sponding to a PbO-Nb 2Os eutectic 835 °C, as previ- we have:

ously reported.' K, = K(1 + V2/2)/(1 - 12) (2)
Based on the above, to produce densification of the

reactively calcined powder without grain growth, hot where K is the experimental value directly measured.
uniaxial pressing was thus required at temperatures less The calculated values of K., versus grain size are
than 835 *C. Grain sizes as low as 0.3 ;Lm were achieved, plotted in Fig. 3, which shows the monotonic decrease
Densities >95% theoretical were obtained; the density of K,. as the grain size decreases. In fact, as we can see

in Fig. 4, the dielectric constant is decreased at all tem-
peratures when the grain size is reduced. Note also that
the degrees of dielectric dispersion in both K and loss

100 - OPMN-6506C -UM - are greatly diminished with decreasing grain sizes, as
. PMN-650*C-M evident for the 0.3 Lm sample.APMN-900OC-M . The dielectric peaks for ultrafine PMN powder

(<0.3 MLm) embedded in powder: polymer composites
were difficult to distinguish because of the very low

-80 . -, dielectric constant of the polymer (K - 3.7), conse-
0 quently dominating the composite dielectric behavior.

, 70- In other words, the flatness of the dielectric versus
temperature behavior did not permit distinguishing

Go6 K. or T..
The dielectric values were measured to be a K of

50 -10 for the 650M powder composite (-22 vol. %) and
I I I I I 1 1 -38 for the 900M composites. The values of the dielec-

600 700 oo 900 1000 1100 1200 tric constant for the ultrafine PMN powders were esti-
Temperature (C) mated using the logarithmic rule"7 :

FIG. 1. Relative density versus sintenng temperature for the con-
ventionally sintered samples using milled (M) and unmilled (UiM)
powders. (3)
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TABLE II. Physical sad dielectric poopet, is of sintemd PMN samples.

Samples Fltl cOMditom Density (G) Grain sie ()&) K... (1 klar T. (C)

650M Hot-preused (18 MN) 85 0.3 4600 +1
810 *C, 2 b (5400)

Ho-tpesad (21 MPa) 91 0.3 590 -3823 "C. 2 h WOO0)

As above 91 0.3 7500 -2.2
Annealed 24 b at 600 OC (8200)

As above 91 0.3 7100 -2.3
Annealed 1 week at 600 "C (7800)

Hot-pressed (25 MPs) 95 0.3 6400 -0.7
825 *C. 2 h (6700) I

Hot-pressed (18 MPa) 98 1.1 11200 -54
890 "C, 2 b (11400)

Conventional 92 2 11200 -6.2
900 *C, 2 b (12200)

Conventional 95 4 15400 -8.2
950 'C. 2 h (16200)

Conventional 97 5.6 16600 -8.4
1050 "C, 2 h (17100)

650UM Conventional 91 2.9 13300 -5.2
950 *C, 2 h (14600)

Conventional 95 4.7 16800 -7.4
1050 "C, 2 h (17700)

Conventional 96 6.2 17300 -7.6
1100 "C, 2 h (18000)

900M Hot-pressed (MPa) 89 0.45 7200 -3.4
860 "C, 2 h (8100)

Conventional 95 2.6 13300 -11.6
1000 C, 2 h (14000)

Conventional 96 4.6 14700 -11.9
1050 "C, 2 h (15300)

'K., value in parentheses calculated using Eq. (2).

where Vw, and K,. are the volume fraction and dielec. tots. First, it is very common to observe using TEM
tric constant of the polymer phase, respectively. The analysis the presence of a very thin layer of second
logarithmic mixing rule was selected because it gave phase on the order of 1-2 nm located around each
the best fit to standard samples and previous results of grain, believed to be PbO-based regardless of process
high K dielectric polymer composites.'u - The standard conditionsZZ'Z This phase is also found at triple point
composites were comprised of coarse PMN powder pro- boundaries along with impurities derived from the raw
cessed from well-sintered compacts of known dielectric materials or introduced during processing.
constants. Values of Knt - 330 and 2800 were deter. Recently, Wang and Schulze 2" systematically exam-

mined, respectively, for the 650M and 900M powders. ined the role of a PbO grain boundary phase on the

These results further underline the decreasing of K dielectric properties of PMN. The dielectric constant

with the grain size, as shown in Fig. 3. was found to decrease with increasing amounts of PbO

Similar dielectric grain size dependency in other introduced during processing. Though little grain size

lead-based relaxors has been explained by the presence variations were observed, the dieleric dependency was

of a low polarizable phase boundary."°ll Naturally, with explained according to the series mixing theory used

decreasing grain size the volume of the low polarizable for diphasic systems where K, P- K,,, being simplified

second phase increases with a corresponding decrease in the following expression:

in the dielectric constant. The origin of a low polariz- I 1 + (4)
able (low K) second phase may be due to different fac. K K,. RK.(
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20000c 0H-eI6M

2

TEMPERATURE (*C)
(a)

FIG. 2. TEM photo0MICrograph of the fractured surface of a .2
hot-pressed 650M sample at 825 *C (21 MPa). x - dislocations, 100kHz
i inclusion.

IO z
where K is the microstructurally dependent value at 102H
T., Kwb the single crystal value, K0 the grain boundary0
value, and R the ratio of the grain size to grain "0*6.k

0 % 62~
boundary thickness. Assuming a K~ of 20000 and K0 -J
in the order of 10 to 20, the dielectric analysis revealed 0 ~p
a grain boundary layer inthe range of Ito 5nm, in- %
creasing according to the amount of excess PbO added. 0.

Using the above expression and Kw~ and K# values *.j

of 20(000 and 20, respectively, assuming a 1 nm grain LU
boundary thickness as schematically depicted in Fig. 5(a) 0 03i
(the lower limit for stoichiometric PMN), the micro- 0 U
structurally dependent K value was determined as a -60 0 60 120
function of grain size and presented in Fig. 3 as the TEMPERATURE (OC)
series model. As shown, good agreement between the (b)
experimentally determined values, regardless of process FIG. 4. Grain size effects on the dielectric properties: (a) di-

electric constant versus tempenture and (b) diellectric loss versus

IC5 temperature.

0 650M
a a6SOUM conditions, was observed down to about the 1 I= grain
a 00 size level. Deviations below 1 jsm may be a result of
--- LOG MODEL limitations in the series diphasic mixing model used. As

SERIE MODEL the volume of the low K phase increases, the model ap-
--- SRIESproaches the parallel case.

Though a low K grain boundary phase appears to
*1 explain adequately the observed grain size dependency,

this concept cannot account for the extremely low
W OMOIEdielectric values of the fine grain samples and the PMN
0 COPST powders where no grain boundaries are present. Limi-

tations of the grain boundary concept are further
1102,. . . .. .I . I

'01 1 i shown by the observed shifts in T., as reported in
GRAIN SIZE (Agm) Table 11 and shown in Figs. 4(a) and 6. The shifts in T.

FIG. 3. Maximum of the dielectric constant K.~. versus grain were not only grain size dependent, but process related
andior particle size. as well.
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PMNP

GRAIN GRAINGRI --
BOUNDARY----------------------- GAE 11

(PbO) ED---G0,0E--- POLAR -REGIONS

20,0o li2000
DIELECTRIC K
CONSTANT K

2 01J __00___=

d d-
(a) Mb

FIG. S. Schematic oae-dimensions.J representation of dielectric structure-property telationships for PMN: (a) PbO "ran boundary concept
and (b) microdomain perturbation concept.

Alternatively to the low K PbO-grain boundary ing particle or grain size, the effective surface tensional
phase, a second source of low polarizable phase region stresses are believed to ply an important role.u
may be a consequence of the low processing tempera. In support of stress effects, Shrout er aL " found that
tures used and high energy milling treatment of the by annealing sintered samples of PMN4-based dielec-
powders, resulting in less developed crystallinity and/or trics, a dramatic increase in K was found. In this work,
defects (e.g., dislocations) located on grain or particle thermal annealing of a low K hot-pressed sample was
surfaces. The exact nature of surfaces of dielecric pow. tried, to emphasize further the effect of stress. By an-
ders in relation to process conditions, unfortunately, is nealing for different periods of time at only 600 *C so
not well understood at this time. as not to allow any microstructural charges or PbO loss,

An additional parameter that can lead to modifica- it was noted that for 24 h of thermal treatment, K, did
tion of the dielectric properties is stress. Studies on the increase (see Table 11). Annealing for one week, how-
pressure dependence of PbO-based relaxor materials ever, resulted in K. decreasing slightly in comparison
show that by applying an isostatic pressure both K, and with the 24-h annealed sample. This result suggests the
T. decrease.'- Similar particle/grain size effects have formation of a small amount of pyrochlore phase due
been found for other perovskites where, with decreas- to the long thermal treatment, though not detected

by x-ray diffraction. However, in opposition to the role
_____ _____ _____ ____ of stress on the dielecric behavior is the fact that T..

10 *' Iincreases, not decreases, with decreasing grain size. It is
Iou-C650M also difficult to justify significant levels of internal
0.--* 650 U M stress in an isotropic material that doesn't exhibit a

i i phase change upon cooling from thermal processing
noago (calcining or sintering).

0 The particle and grain size dependency of the
W ~dielectric behavior in PMAN can possibly be explained

- - ~ - -. -based on the intrinsic underlying mechanisn~s) of re-
10- laxor behavior itself. Recent work by Viehland et at."

in advancing the understanding of Cros superpars-
elcrctheory suggests a microdipole-dipole coopera-

tive interaction between superparselectric regions which
I 20 enhances K and accounts for the dispersive response.

00 900 1000 1100 1200 This interactive, or coherence, length maximizes near
SINTERING TEMPERATURE ( C) T., on the order of 10-20 nm. Schematically shown in

FIG. 6. Temperature of K. versus sintering temperatufs. Fig. 5(b), coupling between microregions (superpara-
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electric potentials) would be perturbed at grain bound- dieltric polarizability. In effect, the Curie maxima
aries or particle surfaces, resulting in essentially a low appear to shift upward toward the high frquency
p rizab reion. Naturally, as the scale of a PMN realm; or in other words, T, increases. This behavior is
panicle or grain approaches the interaction length, little further shown in Fig. 4(b), where the dielectric os and
volume or core of dieectrically active polar micro- level of frequency dispersion is greatly reduced for the
regions would exist. fine grain samples. Additional variatiom in the dielec-

In terms of dielectric analysis, the series model tric behavior presented in Table ]a and shown in Fig. 6
given in Eq. (4), where R is now the ratio of grain size appear to be process related. Both the level of K-, and
to the noninteracting "shell" region and K,0 replaced associated T. appear to be a function of the calcination
with Kw,, again can be applied. Inserting values of and milling conditions along with the sintering tempera-
Ksmu of -300 and using an inacive shell region on the ture. Such effects may be associated with defects intro-
order of 15 nm, the dielectric constant of PMN (poly- duced during milling or less developed crystallinity
crystalline and/or particle) was determined as a func- (lower processing temperatures) which may further per-
tion of size. The Ks., value of -300 was selected, being turb the shell region and its int-raction with the core.
on the order of an incipient ferroelectric and as the The increased dielectric constant as a result of thermal
value found for PMN at cryogenic temperatures (-I K) annealing may effectively enhance the polarizability of
where domain (micro and macro) effects would be the shell region through the elimination of defects. On
frozen out.' a more intrinsic nature, process conditions may result

The calculated values as i function of grain and/or in variations (size and distribution) of the nonstoichio-
particle size are again equivalent to those determined metric ordered regions of Mg:Nb which are believed to
for the series model shown in Fig. 3, being bent down- localize the superparaelectric regions and hence the
ward (below -0.1 MLm) if one assumes the grain size, in underlying relaxor behavior, as reported by Randall
actuality, consists only of the "core" resulting in a closer et al.' Defects and lower thermal processes would tend
fit to the experimental values, to enhance the nonstoichiometric ordering, increasing

In addition to the series model, dielectric values the diffuseness of the dielectric behavior, as was ob-
of PMN as a function of grain and/or particle size served. Observation of the diffuseness change by TEM
were determined based on Lichtenecker's logarithmic or any other characterization technique would be quite
mixing rule given in Eq. (3) and now in the following complex and could be a separate study.
expression:

Ln KmN = Vswl Ln Ksa + Vcw Ln Kc, (5) IV. CONCLUSION
where Vsb, and Ksa11 and V., and Kc., are the volume The dielectric properties of the relaxor Pb(M8g
and dielectric constants of the inactive "shell" and core Nbv3)O3 were found to be dependent on the grain
regions, respectively. Inserting values of Kcu of 20 000, and/or particle size and secondarily on the overall pro-
the single crystal K.. value of PMN, and a Kum of cess conditions (calcine and sintering conditions). The
-300 as above, the dielectric constant of PMN as a grain/particle dependency revealed that the dielectric
function of scale was calculated and represented by the constant K decreased, being less dispersive with de-
log model in Fig. 3, showing excellent agreement to the creasing scale, particularly as the size of the dielectric
experimentally found data. The logarithmic model's approached the underlying scale associated with relaxor
more realistic agreement may be related to the rela- ferroelectric behavior.
tively large volume of the "shell" region and less dispar- In addition to the observed K dependency, the tem-
ity between the levels of K for the core and shell perature T. 3 increased with decreasing grain size. An
regions, both criteria for the series model. intrinsic-microdomain perturbation concept was pro-

As presented above, the intrinsic-microdomain posed to interpret the observed scaling and process re-
perturbation concept, in general, can be used to inter- lated effects. In contrast to previous low polarizable
pret observed microstructural dependencies in PMN, grain boundary models, this model produced a better fit
including the scale of particles themselves, to the small grain/particle data.

Variations in the transition temperature Tu with
scale can also be explained based on the above con-
cept. For small grains and/or particles, the thermally ACKNOWLEDGMENTS
active larger micropolar regions (volumes) are preferen- The authors wish to thank Beth Jones for her tech-
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THERMAL DEGRADATION OF RELAXOR-IIASED

PIEZOELECTRIC CERAMICS

J. T. Pieliq Jr., S. J. Jang. T. R. Shrewt,
ManbResearch L.aboratory

The Pennsylvmnia State University

University Park. PA

The thermal degradation of dielectric and piezoelectric properties -0 elevated temperatures on dielectric wndl piezoelectric properties neaw
investigated for relaxor ferroelectric compositions in the 0I- the M[PB and to discuss the mechanism of thermal degradation
x )Pb( Mg l3Nb2fl )03 .( x)PbTiO3 family near the morphotropic Involved ascompared to normal ferroelectric materials. such as found
phase boundary. Degradation of the radial coupling factor k. in the lead zirconate system which are nominally rated at 112 'Tc for
piezoelectrc charge coefficient d33. and mechanical quality factor M. thermal usage.
were observed to be less than expected based on temperature _____________________

dependence of the polarization. It was suggested that the micropolar 300
nature of the polarization allows r"soration of piezoelectnic properties I I )PM- &PT
after thermal exposures.fI &

0

200-
Ferroetectric ceramics are utilized extensively in transducer
applications. Presently, the lead zirconate titanaie (PZT) family of -CUBIC
ceramics are the most widely used owing to their excellent dielectric
and piezoelectric properties at the morphotropic phase boundary TTAGOWmA
(MPB). The anomalously large properties can be explained by the 100-
coexistence of tetragonal and rhombohedral phases, allowing
increased domain reorientability, and! easier polarization.1 I I

Excellent pizeetrcaddilcrch 0rprte ar fonih

(I (-x)Pb(Ni 1 /Nb~n)0 1.Pb(Zr.Ti)O, (PNN-PZT). which also exhibit 0 (ii 02 0.3 0.4 05
morphotropic phase boundaries.[2j The large dielectric properties MOLE FRACTIONI OF PT
and broad transition of comnplex perovskites with the general formula Figure I1. The phase diagram for the morphotropic phase boundary
Pb(B IB2)0 3 were reported by Smolenskui in 1958.(31 These relaxor region for (I -x)Pb(Mg 1nNbzn)03-(x)PbTi0 3 PMNsolid solution
ferr oelectnic materials exhibit a broad phase transition anid frequency system. After Choi Wt al.[Sj
dispersion of the maximnum permittivity and dissipation factor. The
development of phenomenological theory for relaxor ferroelectrics &Ciua
has been presented by Cross and others (4j

Curiously. relaxer MPB transitions from ferroelectric to paraelectric Sample Preparation
occur in the narrow temperature range 150-180*C, considerably The (I-x)Pb(Mg1 mNb 2,,)o,-(x)PbTiO, compositions near the MPB
lower than those found for PZT based piezoelectrics. The lower TC with x = 0.28. 0.315, 0.365. and 0.4 were processed using the
and hence narrower temperature usage range of relaxor based columbite precursor method described by Swartz and Shroutl6J withI piezoelectrics is further complicated owing to their macro-micro reagent grade raw materials. Rhombohedral compositions withdepolarization behavior below Tmax, wivhch is not obseved in noma x-0.28,0.315 wre designated R- andW R-2. respectively. Tetragonal
piezoelectrics. It was believed that the effect of thermal degradaetion compositions exhibitiing non-relaxer or normal behavior with
on this depolarization mechanism may limit the usefulnesas of itlaorx0.365, 0.4 awe designated T-1 andl T-2.

base pizoelctrcs i trnsduer ppliatins.Starting materials were mixed and vibratory milled using deionizedOf interest for this work is the solid solution system (1- water and polyelectolyte dispersta for 18 hours. After drying. thex)Pb(MgnNbjn,)O,-4x)PbTiO,. T'he endl member PMN is a relaxer mxuewsclie t10 Cfr4hust nueclmhferrteec, mexhibitnga lagedielectric mm -wlbot " m xtrwacaindt100Cfo4hurtoesecoubt
near -I 1*C. PbTiO, is a normal fenutelectric with a trainat 490) formation and phas purity. 'The columbite phase was formed in the
OC. Choi et &I. found the maximum piezoelectric properties in the recin(lx3~ON~ 3 +zTO M 1 1 b2-x-Ti0)04
PMN-PT system occur at the compositions with x-4.304O325 mole Structure was confimed by XCRD analysts. Prior to reaction with
% PbTiO3 .151 The PMN-PT Phan diagram in the NIPB region is PbO, the calcined powder was pulverized using a hamnmernaill
shown in figure 1. Curvature of the MPD is observed with a through a 0.5 mm screen to break up aggregates. PbCO 3 was

proose rtombheda] o ttraona iritoocurringa lower added and then vibratory milled for I8 hours. After drying. the
contents. This effectively lowers the Tc and maximum device mixture was calcined at 800 *C for 4 hours. Information on
operating temperatures to depolarization, structure and pyrochlore content was determined using XRD. The

calculated pyrochlore content was less than 2%. The calcined
7leloss of polarization, measured using pyroelectric measurement material was then vibratory miled for 18 hours and dried. Acrylic

techniques. is useful in determining the critical temperature for binder was added to provide mechanical strength in the pressing
thermal depolarization. Evaluating the dicontinuity in the behavior of Opetallon.
the pyroelectnic coefficient p (p=dP/dT. where P is polarization and T
is temperature) and polarization, transition temperatures can be Disks of 16 mmn diameter were uniaxially pressed using a steel die at
detrined. Td is designated the depolarization temperature, where a pressure of 70 Wit. Binder burnout was accomplished using a
the sponoeteous polarization vanishes, heating rate of 2 OC/min. to 300 OC. Discs were sintered using

closed high density alumina cnucibles at 1250 OC for 4 hours. A PhO
The objective of this work was to exernine the effect of exposure to source material comprised of PbZrO3 waq used to maintain Pt'O



stoichiometry in the discs during sintering. Fired discs were lapped Resultsand__________
to 0.9 mm thickness and Au electrodes were applied using Rs~~adliruxu

sputtring.Pyroelectric coefficients and Woarization behevior of the various
A commercial "soft' piezoelectric cmposition (UPI-SOIA, materials are shown Is in fiure 2.Maximum pyroeleciric
Ultrasonic Powders. Inic.) with well characterized properties was coeflim were obtaiined at 135 OC and 139 OC for ihomboheral
used for comparisort. Disks were F epared using similar techiioe compositions R- I and R-2; and 199 OC and 179 OC for tetragonal
a above. Co. itions T-I andT-2 Polariation decreae continuously upon

haigabove rto temperature. For rhombohedra conmp ortos a
discontinuous change is observed at the rhombohedral to tetragonal

Electrical Measureoenis transition, approximately 90 *C, eqxegenting a 25 ancl 40% Ice of
polarization for composisow R- I @rW R-2, respectively.

Dielectric properties were measurd using a multifrequency LCR
meter3 (Model 4274A, Hewlett Packard Co.). Values for the Intial values of dielectric properties, including unpoled and poled
transition temperature T,. and peak dielectric constant K. were dielectric constant and dissipation factor, of the compositions
determined using an automated measurement system consisting of a evaluated are listed in Table 1. The transition temperatures for
environmental chamber, interface and computer. The dielectric dielectric and pyroelectric measurements are also listed. The valueq
constant and dissipation factor were measured at a heating rate of 4 of Tm~ and Td found are close together. Initial room temperature
OC/min at frequencies between 0. 1 anid 1oo vjiz. values of d33. kp. Qm. Np. YI 1E. and o are listed in Table [I.

The static Byer-Roundy technique for pyroelectric measutrments was
used to determine the pyroelectric coefficient, spontaneous Table 1. Dielectric Properties of Compostions Evaluated
polarization and depoling temperature. T.. A heating rate of 2
*C/min. was used. Sample polarization was performed by applying a C
d.c. field of 20 kV/cm while cooling frorn above the transition Cmposition x K D Kmaix Tnax Td
temperature to -50 OC. (00) (0 C)

Resonant frequency measurements were made using a network R-I 0.28 1800 0.018 33000 139 129.0
analyzer (Model 3577A, Hewlett Packard Co.) configured for (2500)4 (0.027) (33600) (139.7)
reflection . Appropriate standards were used in the calculation of R-2 0.315 2650 0.015 43000 144 141.3
radial coupling factor k, and mechanical quality factor. Q..[7] The (2830) (0.030) (43200) (142.8)
piezoelectric charge coefficient, d33, was measured using a T-1 0.40 2200 0.011 29000 202 197.7
Berlincourt d33 meter (Model CP 3300. Channel Products, Chagrin (2000) (0.014) (30000) (198.9)
Falls,OH-). The elastic compliance slIE and poisson ratio awere T-2 0.365 3770 0.011 28500 180 174.8
calculated according to the method described by Bogdanov.18] (2800) (0.016) (30200) (176.5)

PZT-SA 1720 0.0 19
To determine the minimal thermal exposure time required to 1380 0.023
stimulate reproducible degradation of properties, the time dependence
of thermal degradation mechanisms was also examined. From the *Uzyole vslues in paiamtwa.
pyroelectric data it was observed that 40.50% of the polarization is
lost at temperatures approximately 75% of Td. For rhombohedral
compositons this temperature is in the region between the two T~ .PeolcrcadEatcPoete fCmoiin
pyroelectric peaks. Samples were held at temperatures approximately Tbe1.PeolcrcadEatcPoete fCmoiin
75% of their respective Tnst for periods of 0.5. 2. 6. 12. and 24 Evaluated
hours under short circuit conditions. The dielectric and related
properties were measured 48 hours after removal from the test C~sun a d3 k ~ N j 1
chamber. Cmoiin x d3 k r p YI

(pC/N) (Hz m) (x10 1 Nm 2 )
Prior to thermal exposure. measurements were made 48 hours after
poling to allow for aging that might normally occur. Dielectric R-I 0.28 395 0.58 120 2140 7.34 0.30
constant, dissipation factord 13 .piezoelectric coupling factor I, were R-2 0.315 630 0.64 92 1990 7.38 0.23
measured. Disks were thermally degraded under short circuit TI1 0.40 318 0.45 95 2320 8.29 0.325
conditions in a temperature chamber using exposurie times of 30 T-2 0.365 528 0.57 94 2130 6.75 0.34
minutes and temperatures between room temperature and T.... FZT-5A 445 0.65 78 202 6.26 0.32
Dielectric and related properties were measured 24 and 48 hours after
removal from the test chamber to determ. ine the level of thermal
degradation. The degradation of dielectric and piezoelectric properties with time

- .0 .4 indicated that maximum service temperature was more important
than the time at temperature. The degradation of properties was only
moderately sensitive to exposure time. The degradation of K, kP

.04 0 and d33 for times between 0.5 and 24 hours was examnined. Thie
.3 rhombohedral compositions exhibited a greater degradation of

- ~ properties than the tetragonal ones.
.03

t.2 The effect of of thermal degradation at different temperatures on the
U 0 ieletri contan is hownin igur 3.Rhombohedral comnpositions

temperature, then a decreas. The PZT composition shows an
0~~. 1 increaseit K aridthen adecrease above 75% TC.similar to the

behavior exhibited by cotnpostion R- 1. The observed increase in K
0 is probably due to an extrinsic contribution. Tetragonal compositons

0 show a minrimal degradation up to temperatures near Tc. Examiining
CL --25 25 5 125 12 5 225 the percent change in K as a function of transition temperature.

-r M~rPCZu~r t . shown in figure 3b. the tetragonal compositons exhibit minimal
Figurit 2. The pyroelectric coefficient and polarization data for temperature degradation nearly up to TC.
'hombohedral compositions R-1, R-2 (t. 0.28, 0.315) and
letragonal compositions T-1. T-2 (1. 0 4, 0.365). The effect of temperature on radial coupling factor kp is shown in



figure 4. Te coupling factor vanishes at the depolinj temperature 20 -
T8. At temperatures below Td. the degradation of dhe coupling factor a)
is less than expected for the loss in polarization observed in the 0-
pyroelectric data The degradation a a function of transition
temperature, shown in Figure 4b. shows that die rhonbohedra 3' -
composition R-1 and PZT exhibit pino ce degradation at ma i m
temperatures beyond 80% Tc. This also indicates a extrinsic
contribution to this polarization. 0

1Te thennal degradation of the piezoelectric duarge coefficient d33 is at 40 a' 1I
observed in frem 5. Again the degradation is less than expected for
the loss in polarization observed in the pyroelectric runs. When the -10017
change in c133 is evaluated as a funtion of transition, temperature. as
shown in figurie 5b. dlegratdlatlon become significant at temperatturies 10 1 0 0 30 0
above 80% Tc for composition R-2 and PZT.0 10 20 30
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U)-b
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U a functiotn of % transition temperature.
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Figure 3. Tbe % change in dielectric constant for
rhombobedral compositions R-1. R-2 and etragonal -to00
compositions T-1. T-2: a) as a function of temperature ;b) as 0 100 200 300 400
a (unction of % transition temperature. TEMPERATURE (*C)

20

The effect of temperature on the mechanical quality factor Qj, is 0-

Qm with temperature up to nealy Td, and then it large increase. The I 2 -a -
rhombohedral comnpouitons exhibit a rapidly decreasing Qm sbove 753 W
PC2. The Qmn for MZ remains insnsitive to epraueup to nearly 0 * .

TC. Calculations of elastic constants showe that Yl j increased -I 4
X

slightly (3%) at the transition temperature. TIe elsiccnstants for 0 so - r
the teriragonal corpxsirirs were relatively insesitive to temperature.

-100 20 4 ,0 6 , so 1too 120
% TRANSITION TEMPERATURE

Figure 5. The % change in d3 3 piezoelectric charge
coefficient fnr rhombobedral compositions R-1. R-2 and
tetragonal compositions T-1I. T-2: a) as a function of
temperature ;b) as a function of % transition temperature.
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o Figure 7. The S change in radial frequency constant Np
for rhombobedr81 compositions R-1, R-2 and letragooial

E 0- compositions T-l. T-2: a) as a function of temperature b) as

a function of % transition temperature.

a

-30- T
Summarv

0 20 40 60 so 100 120 Due to the difference in polarization arrangements in normal and
relaxor based piezoelectrics. it was desired to establiih the

% TRANSITION TEMPERATURE temperature dependence of critical piezolectrc properties. Using this
data operating temperature ranges can be established. The transition

Figure 6. The % change in mechanical quality factor. O6. temperatures are considerably lower thant those found in PZT based

for rhombohedral compositions R-1, R-2 and tetragonal piezoelectrics, but the degree of degradation as a function of
compositions T-1, T-2: a) as a function of temperature ; b) as transition temperature is similar. The thernal degradation of

a function of % transition temperature. piezoelectric and dielectric properties was investigated for four
compositions near the morphotropic phase boundary in the (-
x)Pb(Mg ,,Nbvs)0 3 -(x)PbTiO3 complex perovskite system. A

The effect of temperature on radial frequency constant Np is shown commercial PZT based piezoelectric was used to contrast the

in figure 7. The frequency is constant is relatively insensitive to degradation in properties. The effect of temperature on dielectric

temperature up to temperatures near the transition for tetragonal constant is negligible for tetragonal compositions. For rhombohedral

compostions and rhombohedral compositon R-1. The relative compositions, there is a large increase up to approximately 75% of

insensitivity of Np as a function of transition temperature is shown TC and then K decreases. The radial coupling factor and d33
in figure 7b. The PZT commercial composition exhibits a greater piezoelectric charge coefficient are insensitive to temperature up to

temperature dependence than the relaxor-based PMN MPB 90% of TC. Above this temperature there is a rapid loss finishing in

compositions. complete depolarization at Td.

The degradation of piezoelectric properties in the relaxor
ferroelectrics was less than expected from an examination of the
polarization behavior alone. At temperatures below the depoling
temperature, Td, the properties are nearly restored after equilibrating
at room temperature. This may be due to the polarization References
mechanisms associated with the relaxor materials. The macropolar
regions measured at room temperature become smaller ad uncoupled 1. B. Jaffe, W.R. Cook. H. Jaffe. Piezoelectric Ceramics, Ch 7
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with the pyroelectric data. But at exposure temperatures below Td, 2. S.T. Chung, K. Nagata and H. lgarishi.Piezoelectric and
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piezoelectric operias. 3. G.A. Smolenskii and A.L. Agranovuskaya, "Dielectric

6' Polarization of a Number of Complex Compounds", Soviet
a ) Physics-Solid State I. 1429-1437 (1959).

f.' 4. L.E. Cross, "Relaxor Ferroelectrics," F Krzl1L, 76, 241-267
S(1987).

[ / 5. S.W. Choi. T.R. Shrout, S.J. Jang and A.S. Bhalla. "Dielectric

and Pyroelectric Properties of PMN-PT Solid Solution",/selectrocs. 100. pp2 29. 1990.
" -t6. S.L. Swartz and T.R. Shrout, "Fabrication Of Perovskite Lead

2- Magnesium Niobate". Materials Research Bulletin. 11, 1245
T-t (1982).

0 7. IRE Standards on Piezoelectric Crystals: Measurement of
Piezoelectric Ceramics, 61 IREI4.Si Proceed. IRE 49 1161-69
(1961).

- .- 8. S.V. Bogdanov and A.M. Timonin. "On a Method of Calculating
0 t00 200 300 0 Piezomoduli from the Radial Vibrations of a Disk".JzAkad..

TEMPERATURE ("C) tizak SSSR, Tom 21 (3) p 397 1957 (in Russian).



II
I
I
I
I
I
I
I
I APPENDIX 44

I
I
I

I
I
I
I
I
I

I



RELAXOR BASED FINE GRAIN PIEZOELECTRIC MATERIALS

N. Kim, S. J. Jang, and T. R. Shrout
Materials Research Laboratory

The Pennsylvania State University
University Park, PA. 16802

Asc grains tend to clamp out extrinsic contributi as s .ch as
domain wall motion. Microstructural dependency on the

The dielectric and piezoelectric properties of properties is not expected in PMN-based ceramics since
polycrystalline ceramics of relaxor ferroelectric lead the underlying phenomena associated with relaxor
magnesium niobate-lead titanate modified with La 20 3 , ferroelectric behavior is on the order of - 10 nm 3 .

-x)(Pb0.gsLao.o00 0oos( Mgl/ 3 Nb 2/3 )-(x)PbTiO 3 , have Observed grain size effects in relaxor materials have
been investigated. The compositional range of 0.2 < x < been attributed to a low dielectric constant grain
0.4, being near the morphotropic phase boundary, was boundary phases which dilute the properties, however,
characterized, can be annealed out.

Lanthanum doping resulted in reduction of grain In previous work 4, 5, La additions to PMN and its
size, enhanced density, and shifted the dielectric solid solution were shown to promote densification while
maximum temperature downwardly. The final inhibiting grain growth and reducing the level of PbO
microstructures of all compositions were fine t<_ lIm) volatility, similar to that found in La-doped lead zirconia
with uniform grain size distributions. Room titanate ceramics. Also, through hot isostatic pressing,
temperature dielectric constants Ks of 5,000 and optically transparent materials have been achieved,
piezoelectric constants d33(s) of 500 pC/N were found for allowing the determination of various optic and eletetro-
compositions near the morphotropic phase boundary optic properties. This purpose of work was to use La to
(x = 0.33). inhibit grain growth of MPB compositions for fine grain

Based on this investigation, La doped PMN-PT size piezoelectric materials.
compositions appear to be promising candidate
materials for high dielectric constant fine-grained Experimental Procedure
piezoelectric applications.

Several compositions of lead magnesium niobate-
Introduction lead titanate solid solution were selected across PMN-PT

morphotropic phase boundary. Polycrystalline ceramic
Perovskite lead magnesium niobate samples were prepared by solid state reaction using the

Pb(Mg1i3Nb2/3)O3, hereafter abbieviated PMN, belongs to columbite method described in previous referrence 4 . In
a class of ferroelectric materials which exhibit a diffuse this work, a small amount (1 mole %) of La was found to
phase transition known as relaxor ferroelectricsl. The inhibit grain growth. Since it lowers Tmax -25 'C/mole
dielectric behavior of these materials have been widely %, we desired the minimal amount of La so as to
investigated in both single crystal and polycrystalline broaden out working temperature range. To obtain a
ceramic forms since first synthesized by Soviet workers fine powder size, the calcined materials were vibratory
in the late 1950's. milled. The milled particle size was 0.5 pm with a

PMN forms a solid solution with the normal surface area 1.6 m2/g.
ferroelectric PbTiO 3 (PT) (Curie temperature, Tc - 490 Discs were prepared using polyvinyl alcohol
'C), allowing its transition to be raised to near room (PVA) binder followed by burnout prior to sintering.
temperature with only small amounts of PT (< 10 mole Pellets of 16 mm in diameter and 2-3 mm thick were
%). Within the PMN-PT soLd solution series, there pressed at 10 MPa. The binder was burned out by a slow
exists a morphotropic phase boundary (MPB) near 33
mole % PT, separating rhombohedral and tetragonal Table 1. Physical Properties of La-doped PMN-PT
phases 2 . In single crystals as well as the polycrystalline ceramics
materials, compositions near the MPB exhibit unusually
large dielectric and piezoelectric properties, similar to Composition Firing Density Theoretical Grain size

PMN-PT (*C/hour) (g/cm 3 ) density m)
those observed in other lead based ferroelectrics such as (X 1 Y _ _ _ _ /cm3)
Pb(Zr.Til-.)O3 (PZT) and relaxor-PbTiO3 systems, e.g., 100:0 1100/4 7.80 8.15 2.0
Pb(NiV3Nb 2/3)O3-PbTiO3 (PNN-PT) and Pb(Zny 3Nb 2 3 )0 3- 1200/4 7.82 3.2
PbTiO 3 (PZN-PT). It is interesting to note that all
relaxor-PT MPB compositions have Tmax's in the range 1200/4 7.81 2.4
of 150 'C - 180 °C, giving rise to a question of the
underlying mechanism which is not fully understood at 80:20 1100/4 7.78 8.14 0.7
this time. 1200/4 7.81 1.6

In recent years, device technology has being 75:25 1100/4 7.82 8.13 0.7
greatly developed for various applications and the scale 1200/4 7.84 1.5
of such devices including multilayer capacitors, 70:30 1100/4 7.78 8.12 07
electrostrictors, and piezoelectric transducers are 1200/4 7.81 1.7
getting smaller. Thus, fine grain size (< 1 im) materials
with high dielectric constant and piezoelectric activity 65:35 1100/4 7.76 8.10 0.7
are desired. 1200/4 7.82 1.8

In conventional PZT piezo.materials, smaller 60-40 1100/4 7.80 8.09 0 6
1200/4 7.85 _ _ 1. 5



heating process at 350 °C for 180 minutes and then 600 Results And Discussion
'C for 180 minutes. Samples were placed on platinum
foil in closed alumina crucibles and sintered a t Physical Properties
temperatures of 1100 °C and 1200 °C for 4 hours. The Physical properties for selected PMN-PT-La

desired PbO rich atmosphere was maintained by placing samples are reported in Table 1. As tabulated, the

small amounts of an equimolar powder mixture of PbO resulting densities were greater than 95 % theoretical,

and ZrO 2 in a small platinum boat. A heating rate of 900 being 8.15 g/cm 3 for PMN-La. Densities increased with

C/1 hour was used to further help prevent the loss of firing temperature up to 1200 *C due to removal of free

PbO. PbO and porosity. As reported in Table 1, the addition of

Weight loss, geometrical density and size La to PMN-PT solid solutions was found to inhibit grain
weredterined o, allgeoetrious composi s and growth as expected. A narrow range in grain sizes (0.5 -were determined for all the vanious compositions and

finngs. Powder X-ray diffraction (XRD) patterns of 3 jpm) was found for all the various compositions and

calcined and sintered powders were analysed for the firings. Typical SEM photomicrographs of fractured

presence of pyrochlore. The grain sizes were surfaces with fine grain (<I pm) are shown in Figure 1.

determined using the line intercept method on fractured This behavior can be explained by solid solution impurity

or polished surfaces monitored by SEM. The observed drag mechanism 6 . This proposed model implies that

grain sizes were similar from both fractured and more La ions concentrate near grain boundaries than

polished surfaces as found in La-doped PZT ceramics. inside bulk grains and react with defects in the grain
boundaries such as pyrochlore, lead vacancies, oxygen

In preparation for dielectric and piezoelectric vacancies, and impurities and substantially reducing
measurements, samples were ground and electroded the grain boundary mobility or grain growth rate. This
with sputtered goled. An air dry silver paste was also kind of behavior was also observed in several systems in
applied to the goled sputtered surface to insure good PLZT 7, Bi-6oped PZT 8 , and La-doped PbNb206 ceramics 9.
electrical contact. The dielectric measurements were Extensive work was carried out to achieve fine
carried out with an automated system consisting of a grain and high density ceramics, especially for
temperature control box and LCR meter. Dielectric compositions near MPB. Annealing studies were
constant and dissipation factor were measured pseudo- performed in order to optimize longer sintering times
continuously at various frequencies as the samples were and annealing to eliminate PbO in the grain boundaries
heated from -50 'C to 200 'C at a rate of 2 to 4 degrees per without changing firing temperatures. As listed in

In the case of piezoelectric measurements,

optimum poling was performed on selected samples by
cooling from above the transition temperature in a ,- • *..i
stirred oil bath to room temperature in air with an 'J, ' qo ,$
applied electric field of 30 kV/cm. The piezoelectric d33  e ,..
coefficients were measured on disk samples using a ,
Berlincourt d3 3 meter. The planar coupling factor, k, , Tl )

mechanical quality factor, Qm, and frequency constant, : -'L p . <. . *

Nwere calculated using a resonance method which isr%
based on the IEEE standard on piezoelectricity. In this I
set up, an im p ed an ce an alyze r (M od e l 4 192A , H e w le tt or -) *--* . ' t * . '" _ A p
Packard, Inc.) was controlled by a desk top computer p 0 "0 "1;
(Model 9816, Hewlett Packard Inc.). By examing the N
variation of conductance verse frequency and
capacitance frequency, the pertinent material
parameters were determined. These values were then Figure 1. SEM photomicrographs of fractured surface
used to calculate piezoelectric coefficients. of La-doped PMN-PT (70:30) (sample fired

1100 °C(10 hour).

Table 2. Physical properties of La-doped PMN-PT ceramics near MPB for optimizing fine-
grained materials

Composition Firing Weight Loss Annealing Weight Loss Density Grain size
PMN-PT ( 0C/hour) after firing (°C/hour) after anneal (g/cm 3 ) (rn)

(X:Y) ,, (wt %) (wt %) _

75:25 1100/4 1.5 .... 7.78 0.8
70:30 1100/4 1.4 .... 7.80 0.7

75:25 1100/4 1.5 900/10 0.2 7.80 0.8 1
70:30 1100/4 1.4 900/10 0.15 7.84 0.7

75:25 1100/10 1.8 .... 7.88 1.0

70:30 1100/10 2.0 ... 7.87 0.9

75:25 1100/10 1.7 900/10 0.09 7.9 1.2
70:30 1100/10 2.0 900/10 0.1 7.92 1.0

I



Table 2, the densities were found to increase after
annealing and long firing time without significantly 2 o5 U

changing grain size. In addition, all samples after 200

annealing showed slight weight losses. This is believed 20000
P.- laoto be due to the free PbO in the grain boundaries and the 2 LO X-

triple points1 0 . In the PMN-PT-La solid solution region, Z 15000 0

the m;cros~ructures were found to be similar with fine u z
grain size (< 1 im) for the compositions studied up to 40 10000 0
mole % PT. Also, ceramics containing higher amounts 2

of La (> 1 mole %) were found to possess similar grain W Z
sizes and microstructures. This indicates that only a 90 r

small addition of La is sufficient to inhibit grain growth 020 2 0 40 0

and hence less affecting the dielectric and related

behavior. %. PT
Figure 2. Max. dielectric constant (Kmax) at 1 kHz and

Dielectric Behavior Temp. of dielectric max. (Tmax) (1, 3: unpoled
Unpoled and poled dielectric behavior of fine- and 2, 4: poled) as a function of PbTiO3.

grained (<I im) ceramics are plotted in Figures 2 and 3. o
Upon poling, no significant change of Kmax's were 5000

observed, while slightly shifting Tmax's to higher 2 .07
temperatures. However, the dielectric constants at room a 4000 "

temperature (KRT) were found to change significantly - o
0 .05after poling. The KRT near MPB increased upon poling, Z _o

in contrast of a reduction observed with both U 3000

rhombohedral (80/20/1) and tetragonal (60/40/1) phase u
regions. These observation may be explained as follows. .0300
Compositions near MPB are considered mixed phases ---' .

(rhombohedral and tetragonal) and therefore have j W
numerous poling directions. Thus, these compositions 1000 00

can allow higher piezoelectric coupling during poling, 10 20 30 40 50

giving rise to an increased dielectric constant (KRT) %, PT
upon poling as presented in the following equation, Figure 3. Dielectric constant . (KRT) and dielectric loss at
KT= KS/( 1 - k,) 2, where "KT and KS" are the poled (free) room temp. (1, 3: unpoled and 2, 4: poled) as a
and unpoled (clamped) dielectric constant, respectively function of PbTiO3.
and "kp" is the piezoelectric planar coupling factor 11 . 6oo 400
High kp was indeed observed with compositions near
MPB. In case of rhombohedral and tetragonal phases, Z
other effects would strongly dominate than piezoelectric 3 400
coupling such as intrinsic anisotropy or induced strain U 40

* . U
in which both effects result in reduction of the dielectric 7 2

constant upon poling. E

The dielectric losses at room temperature were X 200 2 >-

also found to be reduced upon poling in all compositions. 2 oo0

It is believed that the dielectric loss generally comes a:
from macrodomain wall motions. The domains can 0 0 C3
fixed by electric field poling, resulting in less domain 10 20 30 40 so

wall motions and thus less dielectric losses. % PT

Piezoelectric Proertv Figure 4. Piezoelectric coefficient d33 and mechanical

The observed piezoelectric properties ( d33, Qm, kp, quality factor Qm as a function of PbTiO3.

and Np )of fine-grained (< 1 jim) ceramics as a function 1 2500 -,
of PT are plotted in Figures 4 and 5. As shown, high L 2
piezoelectric coefficients were found for compositions ...

Z
near MPB. The maximum piezoelectric d33 coefficient o a:
and planar coupling factor kp were observed near MPB, .6T _ 2 0 0 Z= _ o
in contrast of minimum frequency constant N p. : .0
However, the mechanical quality factor Qm's were found U .4 u

to be similar along all compositions. This is probably z >-
due to the "soft" nature of La-doped PMN-PT ceramics j z
as found in PZTs. D

0

The piezoelectric coefficient d33 increased with U 0 1500 Li

firing temperature, indicating a slight grain size 20 20 30 40 50

dependence as presented in Table 4, as similar to that % PT
found in undoped PMN-PT ceramics, which was Figure 5. Piezoelectric planar coupling factor kp and
believed due to PbO grain boundary phases1 O. frequency Np as a function of PbTiO3.



AnelnThe dielectric and piezoelectric properties were greatly
Extensive work was carried out on compositions improved after long firing and annealing, being related

near MPB in order to optimize the dielectric and to the reduction in the amorphous PbO grain boundary
piezoelectric properties without changing grain size (<I phase(s) as observed in other systems. Grain size
pm). As presented in Tables 5 and 6, the dielectric and dependencies are not anticipated in relaxor feroelectrics
piezoelectric properties were found to increase after long because the origin of macro-micro domain appearence is
firing and annealing similar to that observed in on the nanoscale well below grain sizeIs.
Pb(Znl/ 3Nb 2/3)-BaTiO3-PbTiO3 (PZN-BT-PT) ceramics 12. The observed high piezoelectric properties with
This is believed to be due to the amorphous PbO grain compositions near MPB are similar to those of larger
boundary phases, which affiect poorly not only dielectric grain size "soft" PZT ceramics. Through the use of La
but also piezoelectric properties. modifications, PMN-PT based ceramics with well

After long time firing and annealing, the best developed fine grain microstructures for device
values obtained in composition (70/30/1) near MPB as applications such as multilayer capacitors, actuators,
follows: the maximum dielectric constant reached and piezoelectric transducers appear promising.
- 20,000 with a room temperature dielectric constant of
4,600 (poled), maintaining a fine and uniform grain size Reference
(< I pim). The piezoelectric coeffcients obtained were
d3 3=510 pC/N. kp=0.56, Qm =63, and Np=2,180. [1I L. E. Cross, S. J. Jang, R. E. Newnham, S.

The observed piezoelectric properties are similar Nomura, and K. Uchino, "Large electrostrictive
to that of "soft" PZT ceramics, however, which have effects in relaxor ferroelectrics," Ferroelectrics, 23,
generally large grain sizes (3 - 10 pim) due to their high p. 187, 1983.
firing temperatures. It is believed that high piezoelectric
properties with fine-grained ceramics can be possible in [21 S. W. Choi, T. R. Shrout, S. J. Jang, and A. S.
La-doped PMN.PT system. Bhalla, "Dielectric and pyroelectric properties in

the PMN:PT system," Ferroelectrics. 100, p. 29,
Table 3. Piezoelectric coefficient d33 of La-doped 1990.

PMN-PT ceramics
[31 C. A. Randall, A. S. Bhalla, T. R. Shrout, and

Composition Firing Grain size d33 L. E. Cross, "A discussion of complex lead
PMN-PT (X:Y) (°C/hour) (pm) (pC/N) perovskite ferroelectrics with regard to B-site

80:20 1100/4 0.7 210 cation order," to be published, 1990.
1200/4 1.6 360

75:25 1100/4 0.7 240 [41 N. Kim, W. Huebner, S. J. Jang, T. R. Shrout,
1200/4 1.5 480 "Dielectric and Piezoelectric Properties of

Lanthanum-modified Lead Magnesium Niobate-

70:30 1100/4 0.7 310 Lead Titanate Ceramics," Frr ictrLL 93, p.
1200/4 1.7 560 341, 1989.

65:35 1100/4 0.7 270 [51 N. Kim, D. A. McHenry, S. J. Jang, T. R. Shrout,
1200/4 1.8 440 "Fabrication of Optically Transparent Lead

60:40 1100/4 0.6 200 Magnesium Niobate Polycrystalline Ceramics
1200/4 1.5 250 using Hot Isostatic Pressing," J. Am. Cerm. Soc.,

73[4) p. 928, 1990.
Summary

[61 R. J. Brook, "Impurity Drag effect and grain
Lanthanum was used to inhibit grain growth in growth kinetics," Scr. Met. 2[71 p. 355, 1968.

PMN-PT solid solution compositions near MPB in order
to fabricate fine grain size (<1 pm) piezo ceramics. As [71 R. A. Langman, R. B. Runk, and S. R. Butler,
expected, anomalously high piezoelectric properties "Isothermal grain growth of pressure sintered
were observed with compositions near MPB, giving rise PLZT ceramics," J. Am. Cern. Soc. 5619, p. 486,
to confirm again the position of MPB. Annealing studies 1973.
were carried out to optimize the dielectric and
piezoelectric properties without changing the grain size.

Table 4. Unpoled and poled dielectric properties of La-doped PMN-PT (70:30) ceramics

Firing Condition Unpoled State Poled State
(°C/hour)

KRT tanb Kmax Tmax KRT tanb Kmx Tmax

1100/4 3,730 0.031 14,000 144 °C 4,330 0.026 13,700 146 C
1100/4 & 3,650 0.032 16,500 144 'C 4,240 0.025 15,800 147 -C

anneal 900/10
1100/10 _ 3,520 0.031 19,800 143 -C 4,3 00 0.027 19,300 145 -C

1100/10 & 3,750 0.032 20,500 143 -C 4,600 0.028 19,900 145 -Canea 9oo01o0



Table 5. Piezoelectric properties of La-doped PMN-PT ceramics near MPB

Firing Composition Grain size d33 k QM N
(*C/hour) PMN-PT (Pm) (pC/N) (m Hz)

1100/4 75:25 0.8 230 0.28 70 2300
_______ 70:30 0.7 370 0.39 68 2250

1100/4 &
anneal 900110 75:25 0.8 275 0.30 68 2290

_______ 70:30 0.7 440 0.44 68 2235
1100/10 75:25 1.0 350 0.38 67 2280

_______ 70:30 -0.9 480 0.51 65 2210

1100/10 &
anneal 900/10 75:25 1.2 400 0.43 67 2265

______ 70:30 1.0 510 0.56 63 2180

[81 G. H. Haertling, "Grain growth and densification [11 BJaeWR.CokanH.Jae," i1 L
of hot pressed lead zirconate -lead titanate 11BJafWR.CokanH.afe"Pzelrc
ceramics containing Bismuth,' .1. Am. Cerm. Soc., ceaic. Academic Press, New York, 1971.
49[31, p. 113, 1966. [121 J. Belsick, "Phase relations, dielectric and

(91 G. S. Lee, Y. S. Kim, S. J. ,Jang, and T. R. Shrout, piezoelectric properties of ceramics in the
"Grain Growth control and Properties of Impurity system lead zinc niobate - barium titanate - lead
doped Lead Barium Niobate Piezoelectric titanate," M.S. Thesis, The Pennsylvania State
ceramics," presented at 92th Am. Germ. Soc. University, 1989.
Meet., at Dallas, TX., 1990.

1101 A. D. Hilton, C. A. Randall, D. ,J. Barber, and T.
R. Shrout, "TEM studies of Pb(Mglv3Nb2a/3)0 3 -
PbTiO3 ferroelectric relaxors," Ferroelectrics 93,
p. 379, 1989.
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PREPARATION AND CHARACTERIZATION OF INDIUM BASED
COMPLEX PEROVSKITES - Pb(InlI/2NblI/2)O3 (PIN),
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Abstract The processing of order-disorder perovskites Ba(Inl/ 2Nbl/2)O3
(BIN), Ba(lnl/2Tal/ 2)03 (BIT), and the lead analogue Pb(lnl/ 2Nbl/2)0 3
(PIN) was investigated with an emphasis on improving and expanding our
knowledge of microwave dielectric materials. Both BIN and BIT were shown
to be paraelectric perovskites. The processing and annealing of PIN were
related to the perovskite and its transformation to pyrochlore. Dielectric and
physical characteristics were examined by X-ray diffraction profiles (XRD),
scanning electron microscopy (SEM), and dielectric behavior. Attempts to
enhance B-site cation order in PIN by thermal annealing were unsuccessful due
to a pyrochlore formation.

INTRODUCTION

Recently, dielectric materials for microwave resonators have become of interestI in satellite communications. These materials require relatively high dielectric

constant, low dielectric loss, as well as a temperature stability in the microwave

frequency regime of 50MHz to 20GHz.Wakino (1986)(1) has outlined a number of

possible candidate materials that are predominately in the paraclectric perovskite

family. These include CaTiO 3, BaZrO3, Ba(ZnlITa2/)O3, Ba(Mg1/3Ta2/3)O3

and numerous solid solutions. In the selection of low loss materials, it is important

to consider what relaxation processes contribute to dielectric loss. Dielectric losses

in paraelectric materials are caused by lattice defects and anharmonic lattice

vibrations. Whereas, losses in ferroelectric materials such as BaTiO 3 and LiNbO3

arise from domain wall motion and piezoelectric grain resonance.( 2) Recently,

Lanagan (1987) (3) suggested antiferroelectrics for microwave dielectrics as they

exhibit no piezoelectric grain resonance and minimal contribution of domain walls

to the permittivity. Because of the antiferroelectric behavior of these materials, it is

theoretically possible to achieve high dielectric constant, yet low loss. Of particular

interest also, Wakino et. al. (1986)(4) has shown a correlation of microwave
loss to cation order in the perovskite structure.

Based on the above contributions to dielectric loss, the order-disorder
This paper was onginaly presented at the Seventh International Meeting of Ferroelecticity, Subnacken. F.R. Germany.
August 28 to September I. 1939.

Kommunicated by Dr. George W. Taylor
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perovskites( 5 ) Ba(Inl/2Nbl/2)0 3 - (BIN), Pb(Inl/2 NbI/2)03 (PIN) and their

tantalate analogues were herein proposed as potential candidates for microwave

dielectrics. However, to date, a great deal of controversy exists over the dielectric

and structural characteristics of BIN and PIN ceramics. Though paraelectric

behavior would be expected, both BIN and BIT have been reported to exhibit

dielectric anomalies suggesting ferroelectric behavior(6 ). In the case of PIN, the

order-disorder characteristics and corresponding change in dielectric behavior from

ferroelectric to antiferroelectric (ordered state) have been well documented in single

crystals(7,8,9.10), however, little work has been done in the fabrication of

polycrystalline materials. Attempts to make polycrystaline PIN and PIT have

resulted in uncharacteristically poor dielectric properties owing to the presence of

parasitic pyrochlore phase(s) (11,12).
It was the objective of this work to utilize improved fabrication techniques to

prepare the proposed perovskites, and to confirm their dielectric and structural

characteristics.

EXPERIMENTAL PROCEDURE

From the perovskite ABO 3 structural field plot of average electronegativity

versus tolerance factor, shown in figure 1, we note that both BIN and BIT are in a

region at high perovskite stability, whereas, both PIN and PIT are amongst those

compounds which are difficult to form without the presence of pyrochlore phase(s)
(13). From previous studies of lead based complex perovskites, it has been shown

that by pre-reacting the B-site oxides and subsequent reaction with PbO, the

formation of the perovskite phase is greatly enhanced(1 4 ). Hence, in this work,

high purity n203 was pre-reacted with Nb205 to form the wolframite InNbO 4

followed by reaction with PbO, as presented in the following:

850oC/4hrs.

n2 0 3 + Nb 2 05 ------------ > 2 InNbO 4

900oC/4hrs.
2PbO + InNbO 4 - - - - - - - - - - -> 2Pb(Inl/2Nb1/2)O3
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The calcined powders were characterized by X-ray diffraction to determine phase
purity. The reacted powder was then vibratory milled to enhance reactivity followed

by disk preparation using a 3wt.% PVA solution. Following binder burnout, the

disks were embedded in coarse PIN sand and sintered at 10500 C for 4hrs. in

closed alumina crucibles. The firing sand was essential for the control of PbO and

In2O3 losses due to volatility, and inization of pyrochiore formation. Note:
preliminary work found that PIT could not be fabricated in the perovskite structure

without at least or no less than 35% pyrochlore.

2.5 1
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FIG URE 1. Plot of average electronegativity (X) versus tolerance factor (t).

Where: BT= BaTiO3, KN= M03O. BZN =Ba(Znt,3Nb2/3)O 3
BIN= Ba(Inlf2Nbu/2)03. BIT= Ba(Inj/2Talr2)03.
Bz= BAZEO)3. Sin SrMi3. C:T= Car1O3. I'Me PbTiO3.
PMN= Pb(MgI,3 Nb 2 l3O03 . PSN= Pb(Sct/2Nbg1.2)O3, PZ-- PbZr03
PFN= Pb(PetflNbtg2)O3. PNN= Pb (Ni l/3Nb2/3)03. PZN- Pb(Zflh/3Nb2/3)O3
PIN= Pb(tnhI/2Nb 1/)03. and PCN- Pb (Cd 1/3Nb2/3)03

The phase stability of both BIT and B[N perovskites allowed them to be
readily processed using conventional mixed oxides of BaCO 3 , 11 20 3 , Nb2O5 , Or
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T0205. The powders were vibratory mixed/milled followed by calcination at

13500C2 for 4hrs. The reacted powder was processed as above and fired 16500 C

for 4hrs., again using firing sands. Due to the refractory nature of BIT and

temperature limitations of the funace, the partially sintered material was again

milled and resintered to enhance densification.

Sintered samples were characterized for density, phase purity, and grain

size (using SEM of fractured surfaces). Samples were polished and electroded

using sputtered gold electrodes. The dielectric properties of the samples were

measured at frequencies 100Hz to 100K.Hz with an automatic capacitance bridge

(Hewlett-Packard 4274A)( 1 5). The temperature was varied over the temperature

range of - 1 500C to 2300C2 while samples were being measured.
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4500 was nearly that reported for single crystals. Also characteristic of relaxors,

linear I/K vs. (T-Tc) 2 behavior was observed (see Figure 3), with a diffuseness

coefficient 8 of I 14K.
5.5 , ..___________________
5.0
4.5

I 4.5

1.5

I~
2.5

0. 0

.0 0.5 1.0 1.5 2.0 2 .5 3.0 3.5

(T-Tc) 2 x 10
-4 (OK)2

FIGURE 3. Dependence of I/K on (T-Tmax) 2 for PIN.

Attempts to order PIN through various thermal treatments, as reported

for single crystals, were futile. Though annealing from 400 to I 100°C for 0 to

72hrs. was performed in firing sands to prevent PbO and 1n203 losses, pyrochlore

formation occurred. Figure 4 shows schematically a plot of annealing temperature

vs. time indicating the competition between the ordering process and

perovskite-pyrochlore transformation. Attempts to grow PIN grains to enhance the

ability to order, again was met by pyrochlore formation. Grain growth was

attempted by sintering at temperatures close to the melting temperature of - 12900 C

for short durations of time ( 5 - 15 rin.); however, minimal perovskite grain

growth was observed. A sharp increase in perovskite - pyrochlore transformation1 (>20%) was evidenced by large (>15glm) trigonal shaped pyrochiore grains.
Similar problems of pyrochiore transformation also were found in attempts to

grain grow Pb(Znl/ 3 Nb 2/ 3 )03 based materials by Kumar (1988)(16), reflecting

the thermodynamic stability of pyrochlore in these systems.
In contrast to PIN, both BIN and BIT were readily produced in

perovskite

I
I

I
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form. Sintered densities of 95 and 85% of theoretical were obtained, respectively.

The grain size of these ceramics was found to be approximately 2-3lpm. As

anticipated, the dielectric properties (see Figure 5) revealed paraelectric type

behavior with dielectric constants of K-40 and 38 for BIN and BIT and

correspondingly low loss (<0.0009 at 100KHz). The temperature coefficient of

capacitance was determined to be - -139ppm/C for BIN and -- 124ppm/C ° for

BIT. X-ray diffraction revealed no superstructure lines and thus no cation order.

Ordering of these materials through thermal annealing were not attempted.

Annealing samples at temperatures as low as 6000C for 40hrs., which was

successful for single crystals, did not increase ordering, yet substantial pyrochlore

formation occurred.

j PYROCHLaRE + PEROVSKIrE

PEROVSKITE

FIGURE 4. The annealing temperature vs. time plot showing the competition

between ordering and perovskite-pyrochlore transformation.

SUMMARY

1) High density (>95%) and low pyrochlore (<3%) PIN was produced by using the

B-site precursor method described above, and using firing sands in the sintering

process to control PbO and 1n203 losses. However, ordering and grain growth

kinetics were found to compete with the perovskite - pyrochlore transformation.

This makes the highly ordered antiferroelectric PIN as a single phase material to be

a difficult processing challenge, and thus an unsuccessful choice as a potential

I

I

I
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15. Swartz, S.L., Shrout, T.R., Schulze, W.A., and Cross, L.E., J. Amer.
Cer.Soc.&fL(5), 311, (1984).

16. Kumar, U., Dielectric. Pyroelectric. Electrostrictive. and Relaxor Preoperties ot
Lead Zinc Niobate -Barium Titanate Ccramic Solid Solutions, Penns. Statep University. Ph.D. thesis, (1989).
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microwave dielectric.

2) BIN and BIT ceramics with densities of (95%) and (85%) were produced by
conventional ceramic methods. Sands were again used in the processing to control

1n2 03 losses. Both ceramics exhibited classic paraelectric behavior.

43 43

C2 46.

-j

rMPERA TLERE In

FIGURE 5. Plot of dielectric constant vs. temperature for disordered BIN for

frequency range of 100H-z. to 100KHz.
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CONVENTIONALLY PREPARED SUBMICRON ELECTRO-CERAMIC
POWDERS BY REACTIVE CALCINATION

Thomas R. Shrout
Pennsylvania State University
Materials Research Laboratory

University Park, PA 16802
ABSTRACT

It is the physiochemical nature of lead-based perovskites Pb(B)0 3 that upon
reaction of the component oxides a large volumetric expansion occurs. In addition
to perovslites, Pb- and Bi-based pyrochlores (A2B20 7) and the layered structure
compound Bi4Ti 3Ol 2 also exhibit similar physiochemical behavior. At the
temperature of maximum expansion, the associated morphological development
results in a porous skeletal type structure consisting of fine particulates that can be
readily broken down further by milling. The level of expansion and ease of
comminution was shown to be strongly dependent on the starting powder size,
using perovskite Pb(ZrTi)0 3 as the example. Using this concept of "reactive
calcination," the state of optimum soft agglomeration and subsequent milling can
allow for fully reacted powder with submicron particle size.

INTRODUCTION

With the continuing miniaturization of electronics including ceramic devices
such as multilayer capacitors, ultrasonic transducers, sensors, piezo motors, and
electrostrictive actuators, the importance of fine and phase pure starting powders
becomes ever so more evident. Such powders also allow the potential for novel
applications such as fen'o-fluids which require finely dispersed submicron powders
in a liquid mediun( 1) Fundamentally, submicron to nano-sized powders are of
interest in the understanding of the role of "scale" on intrinsic physical phenomena
such as ferroelectricity and related behavior.(2)

Numerous methods to produce submicron powders have been developed
with emphasis on the perovskite ABO 3 family of materials. Methods include
chemical synthesis techniques such as co-precipitation of alkoxides, molten salt,
and hydrothermal. However, most chemical synthesis techniques are relatively
costly and do not lend themselves for mass production.

Recently, submicrometer powders of Pb-based perovskites including
PbTiO 3 , PbZrO3, Pb(Zr.53Ti.4j)03 and Pb(Mgl/3Nb2/3)O3 were prepared by a
reactive calcination process. Using only reagent-grade raw materials and
conventional processing techniques, highly reactive powders were produced by
reacting the materials near the temperature of maximum volumetric expansion. At
this point, the associated morphological development results in a skeletal-type
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structure consisting of ultra-fine particulates than can be readily broken down by
milling (see Fig. 1). Powder sizes < 0.1 ph were produced allowing enhanced
densificaton and correspondingly smal gain sizes.(4.5)

The objective of this work was to further optimize the "reactive calcination"
process of lead-based perovskite through control of the starting powder
characteristics. It was a further objective to explore the potential of reactive
calcination in non-PbO peroskites and other electro-ceramic structural families
through knowledge of their physiochemical behavior.

9%) 
b9,

b*'

Figure 1. Schematic representation of the perovskite PbBO3 formation and
associated morphological changes.(3)
EXPERIMENTAL PROCEDURE

The Pb-based perovskite material chosen to examine the role of component
powder characteristics on reactive calcination was the solid solution
Pb(Zr+53 Ti.4 7 ) 3 (PZT). Non-perovskite materials investigated included the
pyrochiores Pb2Nb2 7 and Bi2Ti2O7 and Bi4 3 O12 layer structure compound.
The non-PbO perovskite (Nal/i1ii)TiO3 was also studied.

Reagent-grade raw materials were used to prepare the compounds as
described in ref. 3. ite component powders were characterized by determining
their as-received surface area and particle size.

Since intermediate reactions occur in the formation of the complex
perovskite PZT, the B-site precursor method developed by Swartz and Shrout(6)
was used whereby the ZrO2 and TiO2 oxide were pre-reacted prior to reaction with
PbO as follows:

O.53Z40+O.47T102  -1dooc 4r Zr S T 7 4  (rutile) [1)

PbO + Zr_53Ti.47O2 -+ PZT (perovskite) [2]
Variations in particle sizes of both the PbO and Zr,TiO2 oxides were

prepared by vibratory or attrition milling. T7he powder size schemes for reactive
calcination of FZT are schematically shown in Fig. 2.
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Stoichiometric mixtures of the component oxides for all the compounds
studied were prepared by vibratory mixing in ethyl alcohol or de-ionized H20 and
polyelectrolyte dispersant at a pH where minimal dissolution of Pb+2 occurs.( 7)
Upon drying, the powders were pressed into disks of similar packing densities.

The possibility and/or extent of reactive calcination was determined by the
degree of volumetric expansion and corresponding temperature reaction range.
This was performed by placing pressed disks in a furnace (open air) and heated at a
rate of - 100"C/hr. Above 500"C, disks were quenched at 25 to 50"C intervals by
being pulled directly from the furnace and allowed to cool in air. Sample
geometries were used to determine the degree of volumetric expansion or
shrinkage. The disks were then crushed and powder XRD analysis performed to
determine the amount of phase reaction and subsequent particle characteristics.
SEM microstructural analysis of selected powder compacts (before and after
crushing) were also examined to examine morphological development during
reaction.

Based on these results, large quantities of (- 1 kg) PZT packed powders
were prepared. The powders were calcined for 4 hrs approximately 50"C below the
maximum expansion (to allow for kinetics) and at higher temperatures to
demonstrate the point of optimum skeletal formation and subsequent consequence
on milling efficiency. Slurries of the calcined powders were prepared as before and
attrition milled while samples were removed at various intervals. The milled
powders were then characterized by specific surface area. The primary particle size
was determined through the equation

pSA [31

where p is the theoretical density, SA the surface area, and D the calculated primary
particle size.

POO Zr,. .T, 402

CASE I 0 -

0.5 Om
2.6 pm

1.4 Pm

1.4pm 0. Om

Figure 2. Component powder size schemes for the formation of perovskite PZT.
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RESULTS AND DISCUSSION

Instinctively, one expects that ceramic powder compacts should shrink on
reaction as a consequence of higher product densities, as found for non-PbO
perovskites. The volumetric expansion observed during the formation of Pb-based
perovskites is reportedly the result of molar volume differences in the component
oxides and subsequent perovskite phase. Attempts to predict relative volume
expansions for various compounds clearly suggests the expansion behavior is also
dependent on the particle packing and size characteristics as proposed in Fig. 2.

The importance of particle characteristics on reactive calcination is clearly
evident in Fig. 3, showing the impact of PbO particle size on the volume expansion
during the formation of perovskite PZT. As presented, fine PbO (Case D resulted
in shrinkage prior to a relatively small volume expansion and associated formation
of the perovskite phase. The shrinkage is believed to be the result of the highly
reactive nature of the fine PbO particle/agglomerates which sinter prior to reaction
with the coarser ZrTiO2 particles. The impact of ZrTiO2, particle size, clearly
shows that the finer material enhanced the formation of perovskite PZT, but the
reactive nature of the fine powder and less open skeletal structure lead to
densification at relatively low temperatures (Case IV). For Case MI, where PbO
and Zr,TiO2 are of similar size, resulted in the largest volume expansion. Of
particular interest is that once the skeletal structure was formed, densification did
not occur even up to temperatures of 1000C. Hence, inhomogeneous densification
(low coordination number of reaction regions) was optimized. The importance of
this behavior is clearly evident in Fig. 4, whereby the ease in which the skeletal
structures can be broken down is given in terms of a milling factor. As shown, the
skeletal sructure associated with Case I was readily broken down by milling with
an order of magnitude decrease in particle size in only one hour. A large volume
change found over an extensive temperature range (Case I), thus, allows for a
broader calcination process window. Further implications of the morphological
development of these materials will be presented in the summary.

The morphological behavior presented above was not found to be unique to
Pb-perovskites but was also observed in the Pb-based pyrochlore phase Pb2 Nb2O7
as shown in Fig. 5. Analogous to Pb, the Bi-based perovskite Nao.5Bi0.sTiO 3,
pyrochlore Bi 2Ti20 7 and layer structure Bi4Ti3O1 2 compounds also exhibited
similar behavior, but to a lesser degree. It is important to note that at the point of
maximum volumetric expansion corresponds to the formation of the expected
phase.

CONCLUSION

The volumetric expansion and morphological development associated with
the formation of Pb-based perovskites was found to be strongly dependent on the
starting powder characteristics, using perovskite Pb(ZrTi)O3 as the example. The
resulting porous skeletal structure of perovskite particulates was found to be readily
broken down into submicron particles by milling. In addition to Pb-based
perovskites, Pb- and Bi-based pyrochlores (A2B207), the layered structure
compound Bi4Ti3Ol2 and (Nat/2Bit/2)TiO3 perovskite were also found to exhibit
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similar physiochemnical behavior. Using this concept of "reactive calcination" the
point of maximum expansion can be used as a characterization tool to determine the
optimum state of soft agglomeration to provide highly reactive powders.

Further investigation and modeling of particle size and packing effects on
reactive calcination are stil required&
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Figure 3. Volumetric expansion-shrinkage characteristics of PZT as a function of
temperature for various component sizes.
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jim) and IV (0.9 pim)) as a function of milling (attrition) time.
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ABSTRACT

Fine grain piezoelectric ceramics with the formula Pb(Zr.5 3Ti.4 7)0 3 (PZT) were prepared

by a reactive calcination process. Using conventional materials and processing techniques, highly

reactive powders of PZT were achieved by calcining to or near the point of maximum volume

expansion whereby associated morphological changes resulted in highly reactive powder. Upon
milling, powders < 0.3 . were readily obtained allowing densification at temperatures <

1000"C. Using the B-site precursor method, whereby the ZrO2 and TiO2 oxides were pre-reacted

prior to reaction with PbO, further enhanced the reactivity by eliminating intermediate reactions and

subsequent phase(s) which can hinder densification and overall homogeneity. Highly dense
piezoceramics with grain sizes - 1-2 p exhibiting dielectric and piezoelectric characteristics

comparable to conventionally prepared large grain size materials were obtained.

INTRODUCTION

Modilfed lead zirconate titanate (PZT) ceramics are choice materials still widely used for

various piezoelectric applications.(-4) In general, conventionally prepared PZT ceramics are

calcined and sintered at relatively high temperatures, - 900'C and 1200"C, respectively, to insure

complete phase formation, and the desired piezoelectric properties. Problems associated with the

high processing temperatures include PbO loss through volatilization and hence poor overall

uniformity. In recent applications, such as multilayer actuators( 5.6 ) it is desirable to use lower

sintering temperatures to incorporate less costly internal electrodes, as well as to achieve finer grain

size structures. The latter is particularly important in high frequency devices such as biomedical

transducers.( 7)

Processing methods employed to enhance the reactivity of PZT have included various

chemical techniques (sol-gel, molten salt, and hydrothermal) to prepare homogeneous and fine



powders, as well as high energy milling, and hot pressing.( 1"3 ,8 "t 3) Though the above methods

have been successful in reducing the firing temperature and subsequent grain size, they are in

general, expensive and not amenable to large scale production.

Previous investigations on the role of calcination and its effect on sintering of PZT ceramics I
found that densification could be enhanced by partially reacting the component powders near the

point of maximum volume expansion, an effect generally observed in the formation of lead based

Pb(B)03 perovskites.(1 4 ) The enhanced densification was attributed to a reactive sintering

process,t associated with the on-going completion of the PZT formation reaction. I
The reaction sequence of PZT, however, is quite complex with several intermediate phases

being formed. Associated with these phases, that include PbTiO3, are volune expansions and 3
morphological transformations that may actually hinde or lead to inhomogeneous densification if

the oxide mixture is not properly processed. Based on the work by Swartz and Shrout( 15) on

related lead-based perovskites, it was proposed that by pre-reacting the B-site oxides TiO2 and

ZrO2 --> ZrTiO 4 prior to reaction with PbO only a single reaction step and subsequent volume

expansion would occur and thus lead to more homogeneous densification.

In this study the concept of reactive sintering in conjunction with conventional materials

and processing techniques was proposed to prepare highly reactive PZT powder and fine grain S
piezoelectric ceramics. Reactive sintering was investigated for both mixed oxide and B-site

precursor powder methods. The dielectric, piezoelectric, and physical characteristics were a
determined for both systems. I
EXPERIMENTAL PROCEDURE

Powder Preparation

The PZT composition selected for this study being near the morphotropic phase boundary

was Pb(Zr0. 53 Ti0.47)03. Raw materials used for the experiments were reagent grade PbO,*

TiO2,** and ZrO2.** * + The powders were weighed in a nalgene container and vibratory milled+

for 24 hrs with ethyl alcohol using ZrO2 milling media. A small amount of dispersant was added

tThe term "reactive sintering" is herein defined as a process by which densification is enhanced as the result of an

accompanying phenomena, e.g., chemical reaction, which is greatly beneficial to diffusion and the overall sintering

phenomena.

'Hammond Lead Products. Inc.. PbO (yellow. 99%) Hammond. IN.

**Whittaker, Clark. and Daniels. TiO2 Grade (99%) Pittsburgh. PA.

0"Harshaw/Filtrol Partnership, ZrO2 (electronic grde) Cleveland, OH.

Sweco, Inc.. Model M-18-5, Florence. KY.



to provide efficient milling. The slurry was dried in an oven at 80"C and calcined near the point of

maximum volume expansion experimentally described in the next section. To further increase the

reactivity of the powder, approximately one-half of the calcined powder was vibratory milled. The

two types of materials designated PZT-AS (as-calcined) and PZT-M (milled) are used hereafter.

A PZT mixture was also prepared using zirconate titanate (ZT) powder, where ZT was

prepared from ZrO2 and TiO 2 in the ratio of 53:47. The mixture was prepared as above and

calcined at 1400"C for 4 hrs. The calcined ZT powder was hammer milled and sieved through 60

mesh, followed by the addition of PbO and calcined again near the point of maximum volume

expansion. Again, part of the powder was milled, designated ZTP-M and ZTP-AS (for the

as-calcined material).

Calcination and Sintering Studies

To determine the "optimum" calcination temperature, powders of uncalcined PZT-AS and

ZTP-AS were pressed (- 34 MPa) into disks 1.25 cm in diameter and 3-4 mm thick. The disks

were heated in an electric furnace up to 1000"C with a heating rate of 2"C/min, with samples

removed from the furnace at 50"C intervals. The sample dimensions were measured to determine

volume expansion and/or shrinkage. X-ray powder diffraction of the samples was used to

characterize the completion of the reaction sequences. The calcination temperature used for the

large batches (- 1 kg) was selected to be - 50"C less than the point of maximum expansion of the

disks to allow for differences due to kinetics. The PZT and ZTP powders were calcined at 725'C

for 4 hrs. As stated, halves of the two batches were vibratory milled subsequent to calcination to

further enhance reactivity. The powders were again characterized for specific surface area, particle

size, and agglomeration. For comparison of particle size(s) and the degree of agglomeration,

scanning electron microscope (SEM) photomicrographs of the powders were taken. Disks were

prepared using a 3 wt% PVA being pressed into a disk of 1.25 cm diameter at - 70 MPa. The

green densities of all the disks were in the range of 4.5-4.8 g/cm 3 . After binder burnout, the

pellets were sintered at 850"C-1200"C in closed alumina crucibles for one hour. A PbO

atmosphere was maintained using PbZrO3 powder. The pellets were characterized for geometric

density and grain size as determined on fractured surfaces by SEM.

Dielectric and Piezoelectric Properties

Samples having densities greater than 90% theoretical (ptheo - 8 g/cm 3 ) were polished and

electroded with sputtered on gold with air dry silver applied to insure better contact during poling

and electrical property measurements. Disks were poled in a silicon oil bath at 120"C with an

applied field of 50 to 60 KV/cm for 3 to 10 minutes. Values of the piezoelectric constant, d33,

measured using a Berlincourt d33 meter, were checked to insure completion of poling.

The dielectric constant (K) and dissipation factor (loss) of the ZTP and PZT samples were

measured using a Hewlett-Packard (Model 4274A) LCR meter. The piezoelectric planar coupling



coefficient (kp) and mechanical quality factor, Qm, were determined using a Hewlett-Packard

(Model 3577A) network analyzer in reference to the IRE standard.(1 6) Values were measured 24

hrs after poling.

RESULTS AND DISCUSSION

The volume expansion/shrinkage curves as a function of calcining temperature for P+Z+T

and ZT+P mixtures are shown in Fig. 1. As presented, the PZT mixture exhibited two volume

expansions near 650"C and 750C, whereas the ZTP, as anticipated, exhibited only one near

800"C. As previously reported,( 14 ) the two expansion maximums observed for ?+Z+T reflect the

formation of PT (- 650C) and intermediate PZT phase(s) (- 750"C), respectively. The volume

expansions are reportedly believed to be due to a molar volume increase of the reaction phase(s) in

contrast to the starting oxides. Naturally, the expansion behavior is dependent on the forming

pressure, heating rate, etc. The sequence of x-ray diffraction patterns shown in Fig. 2a, also
confirms the formation of the intermediate phases PT and PZT. Above 750C, the completion of

perovskite PZT phase began to take place with the diffraction peak(s) becoming sharper with

increasing temperature. In the ZTP case (see Fig. 2b) no reaction took place until - 750C, where

the formation of PZT began and completed at - 800"C as reflected by the strong diffraction peaks.

Simplified reaction sequences of the two types of PZT mixtures can be summarized in the
following:

P+Z+T [PZT-AS] P+ZT [ZTP.AS]

-650"C
PbO + TiO2 -> PbTiO3

- 750"C
PbO + PbTiO 3 + ZrO2 _> Pb(ZrxTil1 )O3  -800"C

(intermediate PZT) PbO + ZrTiO4 _> PZT

> 750'CI
PbTiO 3 + Pb(ZrxTil.x)O3 - > PZT I

Though the reported reaction sequence(s) for P+Z+T are in actuality more complex than

presented, the importance of the B-site precursor method in eliminating intermediate reactions and U
associated morphological changes was apparent. This technique helps prevent the possibility of

problems associated with unreacted ZrO2 and competing volume expansions with densification

during firing. The single calcines of the PZT-AS and ZTP-AS at 725C/4 hrs, though below the

I



I
I point of volume expansion(s) shown in Figs. 2a and 2b, were found to be single phase perovskite

PZT. The process by which powders are reacted at a point of maximum volume expansion due to

associated morphological changes is hereafter designated as "reactive calcination."

The powder characteristics of the milled and unmilled reactively calcined PZT and ZTP

powders are reported in Table 1. Also included are the powder characteristics of the ZT precursor

powder. As presented, the equivalent particle size, as determined from the surface area, was

smaller for the ZTP powder, though they were calcined at the same conditions. Upon milling, a

significant reduction in particle size and corresponding increase in surface area was observed with

a slight increase in agglomeration. It is interesting to note that the PZT-AS and ZTP-AS powders
milled to approximately the same particle size reflecting the limit of milling efficiency. SEM
analysis confirmed the calculated particle sizes and degree of agglomeration.

Densities of the sintered disks as a function of firing temperature (850"C-1200"C) for the

PZT and ZTP materials are plotted in Fig. 3. Virtually no increase in density occured below 900'C

for the PZT-AS and milled (PZT-M) powders, whereas densification (> 85% theoretical) occured

as low as 850"C for ZTP. As expected, milling increased the reactivity of the powders and

subsequent densification. Densities > 90% thecretical were achieved for the ZTP-M material as

low as 950"C, whereas temperatures of 1000'C and 1200"C were required for the PZT-M and

PZT-AS, respectively. The average grain size for PZT and ZTP samples fired at 1000"C and

I 1200'C are reported in Table II. Typical SEM photomicrographs of fractured (intergranular)

surfaces of the sintered samples are shown in Fig. 4. Grain sizes for PZT-AS and ZTP-AS
I samples fired at 1000"C were found to be - 2 I, increasing in size to - 3 I at the higher firing

temperature. Samples processed with the milled powders were found to be somewhat smaller.l Grain sizes in the neighborhood of- 1.5 g with a fired density > 95% theoretical were obtained for

the ZTP-M material fired at only 1000"C for 1 hr.

In addition to physical characteristics, the dielectric and piezoelectric properties of PZT-M

Iand ZTP-M ceramics fired at 1000"C and 1200"C are reported in Table II. For comparison, data

for conventionally prepared Pb(Zr.53Ti47)03 from Jaffe et al.,( 1 ) was reported. Okazaki and

INagata(17,18) found that both the dielectric and piezoelectric properties (K, d33, kp, etc.) increase

with density and grain size. This behavior was also observed whereas the lower density and finer

I grain sized materials possessed lower values. However, the largest deviations were found to occur

between the PZT and ZTP materials regardless of density or grain size. The PZT materials,

Iwhether originally milled or not, possessed significantly lower dielectric constants and piezoelectric

d33 values. This difference reflects inhomogeneity in the PZT material in that the properties, such

I as the dielectric K, are very dependent on the Zr:Ti ratio near the morphotropic phase boundary.

Also of importance, the piezoelectric properties d33 and kp, for the ZTP materials fired at 1000"CI were inferior to those fired at 1200"C, though possessing similar densities and grain sizes. The

I_________________



U
lower values are believed to be related to the crystallinity of the materials being less developed.

The associated defects thus result in a stiffening out of the extrinsic polarizability (domain wall

motion).( 19 ) As found for other perovskires,( 20) longer sintering times may anneal out various

crystalline defects resulting in less grain size dependency.

CONCLUSIONS I
Using reagent grade materials and conventional processing techniques, fine grain PZT 3

ceramics were fabricated based on reactive calcination. By reacting the component powders (PbO,
ZrO2 , and TiO 2 ) near the point of maximum volume expansion, very fine (< 3.3 gt) and highly 3
reactive powders were readily made. Such powders could be densified at temperatures less than -

1000"C. Being fully reacted, enhanced densification was simply due to the reactive nature of fine

powders and n=t due to a reactive sintering process as originally proposed. The reactive

calcination process was further enhanced by first pre-reacting the B-site oxides (ZrO2 and TiO 2)

prior to reaction with PbO. This step eliminated intermediate phase reactions which hindered

densification and resulted in a more homogeneous material.

Highly dense piezoceramics with fine grain size structure < 2 gt exhibiting dielectric and a
piezoelectric properties comparable to conventionally prepared large grain size materials were
obtained. Further investigations, however, of the mechanisms and morphological changes that
take place during calcination are still required. The role of grain size and associated dependency of

the dielectric and piezoelectric properties also needs to be addressed.
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Table I
Component and reacted powder characteristics.

*Median Particle
S.A. Equivalent Particle Size (Am)

Component Powders m 2/g Size (gim) (Sedigraph) AAN(50)

PbO 0.54 1.20 5.9 120

TiO2  8.40 0.17

ZrO2 21.4 0.05 0.9 5,800
- ---------------------------------------------- ---------

Reacted Powders

[ZrTiO3I-precursor 1.2 1.00 3.5 43

PZT-AS 0.50 1.50 3.8 16
PZT-M 2.97 0.25 1.1 85

ZTP-AS 1.09 0.68 1.8 18
ZTP-M 2.70 0.27 0.8 26

+Micromeretic Sedigraph (Model 5000).
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ABSTRACT

Submicron powders of various lead-based perovskites, including PbTiO 3 , PbZrO3,

Pb(Zr.53Ti.47)03 and Pb(Mgl/ 3 Nb2i3)O3 were prepared by a reactive calcination process. Using

only reagent grade raw materials and conventional processing techniques, highly reactive powders

were produced by reacting the materials near the point of maximum volume expansion. At this

point, the morphological development results in a skeletal type structure consisting of ultra-fine

particulates that can be readily broken down further by milling. Powder sizes less than

0.3 microns and as small as 70 nanometers generally only achieveable using chemical processing

techniques, were achieved. The highly reactive powders allowed densification to occur at

temperatures as low as - 900"C with correspondingly small grain sizes. A model describing the

physiochemical behavior and associated morphological development of Pb-based perovskites was

herein proposed.

INTRODUCTION

Lead-based perovskites having the general formula Pb(B)03 encompass a large family of

materials utilized in a wide range of applications including: multilayer capacitors, piezoelectric

sensors and transducers, electrostrictive actuators, pyroelectric detectors, and optical devices.( 1 6)

Included are simple perovskites such as PbTiO3 and PbZrO3, and solid solutions therein (PZT)

and more recently complex perovskites Pb(BIB2)03 such as Pb(Mgl/3Nb2/3)03 [PMN] which

belong to the family known as relaxor ferroelectrics.( 7)

To continually optimize the performance of Pb-based perovskites, various methods to

produce submicron powders for enhanced reactivity, uniformity, and reduced grain size have been

developed. Methods include chemical synthesis techniques such as co-precipitation of

alkoxides,( 8 "1 0 ) molten salt,( I1 ) and hydrothermal.( 12 "14 ) However, most chemical synthesis

techniques are relatively costly and do not knd themselves for mass production. Comminution of

conventionally prepared calcined powders to submicron levels have been achieved through high

energy milling, but generally results in excessive contamination and require extended milling

times.( 15,16 )



Enhanced reactivity and subsequent densification of conventionally prepared Pb-based

perovskites has been reported being related to the calcination conditions. Venkataramini( 17) found

that enhanced densification of PZT could be achieved by only partially reacting the component

powders. The enhanced densification was believed to be the result of a reactive sintering process*

which occurred during the final stages of perovskite formation. Though no explanation was given,

Takagi et. al(18) observed enhanced densification for partially calcined Pb-based perovskites which

reportedly possessed a PbO-rich surface layer on the B-site component oxides.

It is the physiochemical nature of Pb-based perovskites that upon reaction of the component

oxides a large volume expansion occurs. This corresponding expansion is believed to be

associated with the formation of phase(s) possessing a larger molar volume twan the individual

components or "topology" of the reaction which leads to rapid coarsening of the highly reactive

product layer resulting in a porous skeletal type structure.( 17 .19 ) Schematically shown in Fig. 1,

perovskite formation through the reaction of PbO and B-site oxide(s) involves the uni-directional

diffusion (transfer) of PbO (Pb+2 and 0 -2 ions) through the product layer.(20 ) Studies on the

reaction formation of PZT showed that drastic morphological changes occur at or near the

associated volume expansion(s) which may result in particle sizes smaller than that of the initial

starting powders. Further, it is our belief that at such a point of expansion, the reacted powders

will require less energy to allow further reduction in size, that is, the skeletal structure can be

readily broken down.

The objective of this work was to demonstrate the possibility of obtaining submicron

Pb-based perovskite powders, through knowledge of their physiochemical behavior while utilizing

only conventional processing techniques. Proposed mechanism(s) for enhanced densification are

also discussed.

EXPERIMENTAL PROCEDURE

The lead-based materials chosen for this study included the simple perovskites PbTiO 3

(PT], PbZrO3 [PZ], the solid solution Pb(Zr.5 3Ti.4 7 )0 3 [PZTJ and the complex perovskite i
Pb(Mg 1 /3 Nb 2 /3)03 [PMN]. Reagent grade raw materials of lead carbonate hydroxide

2PbCO 3 Pb(OH)2 or PbO (yellow)(a), magnesium carbonate hydroxide MgCOyMg(OH)2(b), i

*The term "reactive sintering" is herein defined as a process by which densification is enhanced as the result of an

accompanying phenomena, e.g., chemical reaction, phase transformation, etc., which is greatly beneficial to

diffusion and the overall sintering phenomena.
()Hammond Lead Product. White Lead HLP.A or PbO (yellow) 99%). Hammond. IN.

(b)Fische¢ Scientific Co., Magnesium Carbonate (purified grade). Pittsburgh. PA. I
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titanium dioxide (TiO2 )(c), niobium pentoxide (Nb2 05)(d), and zirconium dioxide (ZrO2 )(e) were

used to prepare the compounds. The component powders were characterized by determining their

as-received surface area, and particle size. Equally important as particle size, the degree of

agglomeration of the powders was estimated from the ratio of the median equivalent spherical

volume from the particle sizing technique to the average volume calculated from specific surface

area (esd--equivalent spherical diameter) measurements. The ratio, designated as the average

agglomeration number (AAN(50)) represents an estimate of the number of primary particles in each

agglomerate.(
2 1)

The powder characteristics are reported in Table I. No particle size and thus AAN(50)

values for the magnesium carbonate hydroxide powder were reported due to it. intrinsically poor

dispersion characteristics. As presented and confirmed by SEM photomicrographs (not shown)

the magnesium carbonate and zirconium dioxide powders were highly agglomerated.

Since intermediate reactions may occur in the formation of PZT and PMN when starting

from individual oxides, the B-site oxides were pre-reacted following the established B-site

precursor method developed by Swartz and Shrout.(22) The precursor method was as follows:

0.53 ZrO2 + 0.47 TiO2  I Zr0.53Ti0 .4702 (Ruffle) (1)

MgO + Nb2O5  -I00"/4 . hr.> MgNb 2O6  (Columbite) (2)

Once formed, reaction of the precursor with PbO eliminates (or suppresses) intermediate phases

while going directly to the perovskite phase as given in the following expressions.

- Zr.53Ti.4702-.. Pb(Zr.53Ti.4 7)0 3 [PZT]

PbO + B-site precursor (Perovskite) (3)

- 1/3MgNb2O6 ---- > Pb(Mgl3Nb2J3)O3 [PMN]

For this study, the Zr.5 3Ti.4 70 2 and MgNb 2 0 6 precursors were prepared by either

vibratory(O or attrition(g) mixing/milling stoichiometric amounts of the component raw materials in

(c)Whittaker, Clark, and Daniels, TiO2 (USP grade-99%), Pittsburgh, PA.

(d)Fansteel Nb205 (technical grade), North Chicago, IL.

(e)Harshaw/Filtl, ZtO2 (electronic grade), Cleveland, OH.

(MSweco, Inc., Model M-18-5, Florence, KY.

(g)Union Process, Inc., Model 01, Akron. OH.



I
ethyl alcohol or deionized H20 and polyelectrolyte dispersant.(h) Upon drying, the powders were

calcined in alumina crucibles. The calcined slugs were pulverized using a hammermill through a

0.2 mm screen. The powders were examined by x-ray diffraction (XRD) to insure phase purity.

The powder characteristics of the precursors are also reported in Table I, possessing relatively

large particle sizes (- 2-3 .) being only slightly agglomerated.

Stoichiometric mixtures of PbO and the B-site components were prepared as above. The •

source of PbO, either lead carbonate hydroxide or PbO (yellow) was based on ease of dispersion

in deionized H20 or alcohol, respectively. To determine the calcining temperature at which

maximum volume expansion occurs, disks approximately 0.5" (1.3 cm) in diameter and 3-5 mm

thick were pressed. The disks were placed in a furnace (open air) and heated at d rate of 120"C/hr.

Above 500"C, disks were quenched at 50"C intervals being pulled directly from the furnace and

allowed to cool in air. Sample geometries were used to determine the degree of expansion or

shrinkage. The disks were then crushed and x-ray powder diffraction analysis performed to

determine the degree and amount of phase(s) reaction. Based on these results, large quantities

(- kg) of loosely packed powders were prepared. The powders were calcined for 4 hrs

approximately 50'C below the temperature of maximum expansion to allow for kinetics. The

powder characteristics and XRD of the reacted materials were determined to evaluate the effect of

thermal history. Determination of the ferroelectric (PT, PZT) and anti-ferroelectric (PZ) phase

transitions (Tc) by differential thermal analysis (D.T.A.) was also used to confirm the

completeness of the perovskite phase formation. No analysis was performed on PMN wing to the

characteristic diffuse phase transition of relaxor ferroelectrics.

Slurries of the calcined powders in ethyl alcohol or deionized H20 were prepared as before

and attrition or vibratory milled 4 or 48 hrs, respectively. Preliminary investigations revealed that

longer milling times did not significantly result in further size reduction. No attempt to determine

optimum milling times having were made. The milled powders were then characterized for specific

surface area. Due to the fact that the powder size(s) were below or near the limits of the particle

sizing technique, particle size was determined through the equation:

pS. A. (4)

where p is the theoretical density, S.A. the specific surface area, and D the calculated primary I
particle size. TEM analysis was used to confirm particle size as well as the degree of

agglomeration and morphology.

(h)Rohm and Haas, Tamot-901, Philadelphia. PA.
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Preliminary sintering studies of disks pressed with milled powders of I'MN and PZT were

performed to determine the influence of highly reactive powders on the sintering kinetics.

I RESULTS AND DISCUSSION

j The change in volume of the uncalcined powder compacts as a function of temperature are

plotted in Fig. 2. Only one distinct volume expansion maximum was found for individual

I mixtures, corresponding to only one reaction, that being perovskite formation. As shown, the

temperature of volume expansion occurred - 600-650'C for PT, 750-800"C for PZ, 800-850"C for

I PZT, and 700-750'C for PMN. Naturally, the point of maximum volume expansion and

corresponding temperature range is dependent on homogeneity, packing density and powder

I characteristics which may effect the overall kinetics of reaction. Also shown in Fig. 2, x-ray

diffraction results confirmed the single step reaction to the perovskite phase as proposed earlier in

equation (3). Though commonly reported in the formation of perovskite PMN, no pyrochlore

phase(s) were observed.(2 2. 23)

Instinctively, one expects that the powder compacts should shrink on heating as a

I consequence of higher product densities. As stated earlier, the associated volume expansion is

believed to be associated with uni-directional PbO diffusion (Pb +2 and 0-2 ions) occuring at a

I reaction layer at B-site oxide contact surfaces (see Fig. 1). A more descriptive schematic of the

reaction process and associated morphological changes is presented in Fig. 3, whereby the larger

I PbO particles are assumed to be surrounded by the smaller B-site component oxides. Upon

reaction, an expansion comes from the fact that the reaction perovskite phase possesses a different

molar volume than that of one or both of the individual component oxides. This volume

change/reaction enhances the formation of defects and fissures, consequently creating additional

opportunities for surface and boundary diffusion.(24 ) This continuously changing structure tl s,

results in a skeletal type structure comprised of "spongy" particulates confirmed experimentally

SEM for a reacted PMN powder compact as shown in Fig. 4a. With further thermal energy, the

highly reactive particulates rapidly coarsen, resulting in an increase in porosity. This further

volume increase schematically presented in Fig. 3 and experimentally in Fig. 4b, is the result of

inhomogeneous densification owing to the low coordination number of the reaction regions, as

observed in other ceramic systems.(25) It is at these critical stages of morphological development,

that can result in particulate sizes significantly finer than the starting powders and whereby can be

readily broken down further with milling. To describe this phenomena, the term "reactive

calcination" is herein defined as the process by which highly reactive powders of the desired

phase(s) are produced due to morphological changes in the starting raw materials.



The physical characteristics of the various powders (large batches) reactively calcined near

the point of maximum volume expansion are reported in Table II. Except for the PMN powder,

which contained - 10% pyrochlore, all the powders '.-.Pre fully reacted. It is important to realize

that it is desirable that the perovskite formation reat..:,,n b, complete prior to the fh'ing/sintering

step, since further morphological changes may hinder densification and overall homogeneity. Also

presented in Table II, all the powders had relatively large surface areas (> 1-2 m2/g) and fine

primary particle sizes. Though calcined below the temperature of maximum volume expansion the

large powder batches possessed correspondingly similar surface areas. Upon milling, the powder

surface areas increased more than double with particle sizes as fine as 70 nanometers for PMN.

Perovskite powders having particle sizes, generally only achieveable using sophisticated chemical

processing techniques were thus obtained.

Though more complex, the finest powders were achieved for the PMN which possessed

the largest volume expansion during reaction. The calculated particle sizes were confirmed by

TEN! analysis, as reported in Table II. Representative TEM photomicrographs of PZ and PT

powders are shown in Fig. 5. Commonly observed for ultra-fine powders, the PZ, PMN, and

PZT materials were agglomerated owing to the influence of van der Waals attractive intermolecular

interactions which take on a greater importance as particle size decreases.(26) Interestingly, the PT

powder was less agglomerated (see Fig. 5c)! This behavior was believed to be related to the large

polarization that develops upon cooling through the paraelectric-ferroelectric transition (Tc) and

hence modifies the surface charge. However, more understanding of the relationship between

surface charge and polarizability is required.

The results of the sintering study performed on the reactively calcined PMN and PZT

materials are summarized in Fig. 6. As found, the submicron prepared powders densified at

temperatures 100-200"C lower than that generally reported for conventionally processed

materials.(1 ,2 .54 .5) Also shown, milling further enhanced the reactivity and subsequent

densification of PMN and PZT ceramics with densities > 90% theoretical obtained at firing

temperatures as low as 900"C. The resulting grain sizes for dense samples were also found to be

relatively small in the : I .t range.

It was previously suggested that the improved densification of PbO-based perovskites was

the result of a reactive sintering process, whereby densification was enhanced owing to the on-

going completion of phase formation. In this work, however, x-ray diffraction analyses clearly

indicated that the powders were crystalline and stoichiometrically single phase. In addition, n

D.T.A. results of Tc's (see Table I) were found to be in agreement with reported values.(2) Thus,

the enhanced sintering comes simply from the fact that highly reactive powders could be produced i
by a reactive calcination process being realized as a result of morphological changes associated I

I



with the formation of PbO-based perovskite materials. Further it was these morphological

developments that allowed additional reactivity through particle size reduction by milling.

CONCLUSION

In this work the physiochemical behavior during the formation of lead-based perovskites

(PbBO3) was investigated and modeled. Based on this model, it was proposed that highly reactive

powders could be prepared by reacting the component materials near the point of maximum

expansion. At this point, the associated morphological development results in a spongy/skeletal

type structure consisting of ultra-fine particulates that can be readily broker. down further by

milling. Using this concept of "reactive calcination" fully reacted perovskite powders (simple and

complex) of PbTiO 3, PbZrO 3, Pb(ZrTi)0 3 , and Pb(Mgl/ 3Nb2/3)O 3 with particle sizes < 0.3 t± and

as low as 70 nanometers, were achieved using only reagent grade raw materials. The highly

reactive powders allowed densification at temperatures 100-200"C lower than that reported for

conventionally prepared materials.

Naturally, the reactive calcination process of PbO-based perovskites can be further

optimized by investigating the role of the component powder charact-ristics overall homogeneity,

packing density and subsequent milling conditions.

The possibility of using reactive calcination and subsequent milling to prepare highly

reactive powders of additional perovskites, ferrites (spinels and garnets) and other systems

prepared from multiple components needs to be explored.
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LIST OF FIGURES

Figure 1. Schematic representation of formation reaction between PbO and B0 2 component
materials.

Figure 2. Volumetric expansion-shrinkage characteristics of PT, PZ, PZT, and PMN as a
function of temperature. X-ray diffraction results:

Open character--O--starting components
Partially filled--4--components and perovskite
Filled--9--perovskite

Figure 3. Schematic representation of the perovskite PbBO3 formation reaction and associated
morphological changes.

Figure 4. SEM photomicrographs of the morphological development of PMN powder during
calcination (a) calcine temperature--750"C, (b) 800C.

Figure 5. Representative TEM photomicrographs of reactively calcined and milled powders; (a)
PZ, (b) PT, and (c) high magnification of PT, respectively.

Figure 6. Sintering behavior of reactively calcined (a) PMN and (b) PZT powder compacts.
Note: M-milled powder.
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Table I
Component Powder Characteristics.

Specific Surface Area +Median
Material (m2 /g) (esd gm) Particle Size (gm) AAN(50)
White Lead 0.82 (1.2) 3.5 25

(2PbCO3 .Pb(OH)2 )

PbO (yellow) 0.54 (1.2) 5.9 120

Magnesium Carbonate 24.5 (0.12) ......
(MgCOyMg(OH)2)

Titanium Dioxide 8.4 (0.17) 0.44 17
(MO2)

Niobium Pentoxide 2.0 (0.67) 1.4 9
(Nb20 5)

Zirconium Dioxide 21.4 (0.05) 0.9 5,800
(7102)
----------------------------------------------------------------------------------------
Precursors

Zr.53Ti.4702 1.2 (1.0) 3.5 45

MgNb206 0.9 (1.3) 2.5 7

+Micromeretic Sedigraph (Model 5000)

.. . ,
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FABRICATION OF POROUS ELECTROCERAMIC STRUCTURES BY REACTIVE
CALCINATION

THOMAS R. SHROUT, YOUNG S. KIM, and JOSEPH FIELDING, JR.
Pennsylvania State University, 150 Materials Research Laboratory, University Park, PA
16802, USA.

S. VENKATARAMANI
General Electric Co., Schenectady, NY 12301

ABSTRACT: It is the physiochemical nature of lead-based perovskites Pb(B)0 3 and
pyrochlores Pb2(B2)0 6.7 that upon reaction of the component oxides a large volumetric
expan..ion occurs. The degree of expansion is strongly dependent on the starting Powder
characteristics (size, distribution, etc.). The corresponding morphological development allows
the ability to obtain highly porous skeletal type ceramic structures. Using this concept of
"reactive calcination" a high degree of controlled porosity (> 40%) without utilizing fugitive
phase organic or volatile components can be obtained as a result of inhomogeneous
densification. Potential applications include PZT/polymer composites for hydrophones,
piezoelectrically active filters/membranes, and other devices (sensors) whereby a large "active"
surface area is desired.
1. INTRODUCTION

Studies on the physiochemical nature and formation process of Pb- and Bi-based
perovskites (ABO3) and pyrochlores (A2B20 6-7) including the layered structure Bi4Ti4O12
have demonstrated the possibility of "smart processing." By monitoring the point of maximum
volume expansion during the reaction process, the temperature of phase formation and state of
optimum agglomeration (soft) can be determined.() As expected, the point and degree of
expansion has beer, found to be strongly dependent on the starting powder characteristics such
as size.(2) Using the concept of "reactive calcination" has allowed the ability to produce
submicron to nano sized powders of a variety of commercially viable materials with only
reagent raw grade materials Fundamentally, the ability to produce fine powders has helped the
understanding of the role of sal, both particle and grain size, on ferroelectric and related
behavior.( 34)

In addition to fine powders, the same morphological development associated with the
formation of Pb- and Bi-based materials allows the ability to obtain highly porous skeletal type
ceramic structures owing to inhomogeneous densification.( 5 6) It was the objective of this
work to demonstrate the potential of using reactive calcination to fabricate ceramic structures
with controlled porosity without utilizing fugitive phases (organics) or foaming techniques.
Potential applications for such ceramic structures would include piezoelectric/polymer
composites for hydrophones, and active filters/membranes, and devices such as sensors,
whereby a large "active" surface area is desired.
2. EXPERIMENTAL

The material chosen to explore the potential of reactive calcination on fabricating highly
porous structures was the solid solution Pb(Zr.53Ti.47)03 (PZT). Reagent grade raw materials
used are described in Ref. 2. Since intermediate reactions occur during the formation of the
complex perovskite PZT, the B-site precursor method after Swartz and Shrout( 7) was used
whereby the refractory B-site oxides ZrO2 and TiO2 were pre-reacted prior to reaction with
PbO as follows:

- 1400'C/4 hrs.
0.53 ZrO 2 + 0.47 TiO2  - - Zr.53Ti.420 2 (rutile)

PbO + Zr.53Ti.4 702 > PZT (perovskite)

-150-



As reported in Ref. 2. and shown in Fig. 1, the volumetric expansion-shrinkage
behavior during the formation of PZT is strongly dependent on the component powder
characteristics. Based on this work, component powders of comparable size (- 1.4 pm) (Case
1I) were selected to achieve maximum volumetric expansion. To allow for a finer pore
structure, component powders with large size differences (PbO >> ZT) approximately 10:1
(Case IV), were also used. Following mixing in de-ionized H20 and polyelectrolyte
dispersant at a pH where minimal dissolution of Pb 2 occurs, the dried powders were pressed
into disks.

To induce expansion, the disks were then placed in an open f-urnace and heated at a rate
of - 100C/hr to a temperature near the point of maximum volumetric expansion. Upon
cooling, sample geometries revealed that the degree of expansion was > 45% for Case LU and
- 25% for Case IV. The expanded disks were then fired in closed alumina crucibles in the
range of 1050'C to 1200'C for 2 hrs. to achieve well developed microstructures, i.e., grain
growth. PbZrO3 powder was used to prevent PbO volatility. The fired disks were physically
characterized for weight loss, geometric density, and pore/channel size (SEM). The samples
were electroded (Au-sputter) and poled at 30 Kv/cm at 120"C for 5 minutes. Following
poling, the dielectric and piezoelectric properties were determined.

50-

,40 ° "-me

.C , ..01-

30 cN0 fQ °

~20 caM 4A
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-20 -
500 600 700 800 900 1000 1100

Temperature (C)

Figure 1. Volumetric expansion-shrinkage characteristics of PZT as a function of temperature for various

component sizes (ref. 2).

3.0 RESULTS AND DISCUSSION
Physical characteristics of the fired PZT samples are reported in Table I. As presented,

little densification occured even at temperatures as high as 1200'C. As expected, this behavior
is the result of lowering the effective coordination number of reaction regions leading to
inhomogeneous densification. Densities as low as 60% (Case III) with well developed
rnicrostructures, facetted grains (- 4 gim) were achieved (see Fig. 2) Similar microstructures
were observed for the more reactive PZT powder (Case IV) reaching densities - 86% 1
theoretical at 1200"C and only 80% 1050"C-1 100'C (see Fig. 2b).

I
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The ability to handle and pole the highly porous samples further testifies to their weli

developed microstructures and overall mechanical integrity. In contrast to porous PZT

'compacts prepared via organic fugitive phases (plastic spheres) for composite hydrophones,(g)

the microstructures presented in this work possess uniform columnar (grain to grain)

Iconnectivity as compared to the sharp angular and constricting connectivity associated with the
geometry of the fugitive phase. In addition, volatilization of the fugitive phase can leat; to
disruption of the delicate microstructure.

The uniformity and connectivity of the PZT skeletal structure is also substantiated by
the dielectric and piezoelectric properties reported in Table 1. The relatively high K andd3
values reflect significant parallel connectivity of the PZT grains allowing poling. Naturally,
with increasing porously the mechanical Q decreased.

Figure 2. SEM pbotomnicrographs of sintered reactively calcined MZ disks a) Case M-1200*C/2 hs-lcrt, b)
Case IV-10OSOC/2 hrs-right.

TABLE 1.
Characteristics of inhomogeneity Densiried PZT Disks.

Firing Density Grain Size *Dielectric (1 kHz)
Sample Conditions (% Theo.) (Jim) K Lose (z1O '? C/N) kp (%) Q

*PZT 2 1200*C -95% a 5 -700 -. 01 200 45 -30X0

PZT (cue Mi1200'C 60% -4 250 .01 70 13 -70

PZT (Came I11050/1 100'C 0%-3 500 .01 100 15 -110

i200C 86% -4 550 .01 135 23 150

*Jaf fe, Cook, and Jafte.(9 )
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4.0 SUMMARY

Potential applications using the reactive calcination process and subsequent
jiomnogeneous densification ame as follows:

1) Piezoelectric Composite Hydrophones:
The highly porous PZT skeletal structures can be back-filled with a polymer resulting in
3:3 composites being similar to other PZT/polymer composites developed for
hydrophones.(1OS

2) Piezoelectrically Active Filters/Membranes:
The ability to control the level and scale of porosity in a piezoelectrically active skeletal
structure offers the potential for an active filter membrane. Enhancement of the filtering
process may arise from the resonating structure acting as a micro-pump and/or
dc-clogging device.

3) Sensors:
The large "active" surface area through reactive calcination offers an alternative
fabrication method for sensors. e.g., PZT humidity sensors.0 1)
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GROWTH AND CHARACTERIZATION OF FERROELECTRICIPOLAR
SINGLE CRYSTAL FIBERS

J.K YAMAMOTO. C.A. RANDALL, S.A. MARKGRAF, A.S. BHALLA
Materials Research Laboratory, The Pennsylvania State University,
University Park, Pennsylvania, U.S.A.
and

M.A. SAIFI
Bell Communications Research, Red Bank, New Jersey, U.S.A.

ibstrat The growth of several ferroelectric and polar compounds
have been grown using a modified float zone technique. The growth
technique is described and the results of property measurements are
presented.

INTRODUCTION

Growth of single crystal fibers with light guiding structures is both of scentific and

technological interest. The technological aspect has gained an added importance because

of the rapid deployment of optical fibers in communication systems. For such systems fiber

geometry compatible devices may be possible from single crystal fibers. The fiber geometry

may also find improved applications in sensor devices, where crystals grown by bulk methods

are presently in use.

The first attempt to grow single crystals by a laser powered modified float zone

technique was accomplished by Gasson and Cockayne. 1 They were able to grow 5mm

diameter A12 0 3 , MgAI2 0 4 and other refractory compositions. Burrus and Stone later applied

a similar technique to grow 50pm to 125pm diameter Nd:YAG single crystal fibers.2 More

recently, the technique has been used to grow optically nonlinear materials such as UNbO 3

and P-BaB2 O4 .3 .4 This poster wili describe the growth of several oxide ferroeleciric

compositions and present the results of different characterization techniques to assess

crystal quality and qualitative ferroelecricty.

LASER HEATED PEDESTAL GROWTH (LHPG) TECHNIQUE

The LHPG technique is a modified float zone technique where the melt is supported by the

surtace tension of the molten zone. Figure 1. Radiation from a 50 watt CO 2 laser isI introduced into the growth chamber and Is directed through a series of optical components
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and Incdent upon a concave parabolic mirror. The ceramic preform or single cryslal feed rod

is placed vertically in line with the major axis of the parabolic mirror. The hot zone is located at

the parabolic focal point. The vertical motion of the feed rod and the pulled crystal are

controlled by high precision pulling heads. Further details concerning the technique can be

found in the literature.5 I
I

• FIBER

- I
-0 * LASER3

LIQUID RADIATION

S ZONE

LIQUID- SOLID

E RINTERFACEFEED ROD

Figure 1. Schematic of the Molt Zone i

I
The feed rods were made by either a mixed oxide method or via an organometallic route. The I
powders were pressed Into 3 cm diameter pellets and sintered. The ceramic preforms were

then cut to the appropriate size. I
Crystals from a number of different structural and compositional familes as well as

congruently and incongruently melting compounds were grown to test the capabilities of this

technique. These included members from the perovskite, tungsten bronze. pyroniobate I
and fresnoite-type families, Figure 2.

I
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IV

Figure 2. Examples of pyrotitanate single crystal fibers, La2ri 207 (top) and

Nd2Ti 207 (bottom).

* CONCLUSION

The LHPG technique has proven to be a powerful technique in the growth of shaped

crystais. Both congruently and incongruently melting compositions can be grown with this

technique and therefore offers the possiblity of studying materials that are difficult to grow by

other methods.

1. D.8B. Gasson and B. Cockayne, J. Mae.Sl,5 100 (1970).I2. C.A. Burnus and J. Stone. Appl.Pys.Leatt. 26, 318 (1975).
3. Y.S. Luh, M.M. Fejer, R.L-Byer, and A.S. Feigelson, .LCIysL[Gowth,

a5.264 (1987).
4. D. Y. Tang, R.K. Route. and A.S. Feigelson. J. CystLgrwthb, 21,8 1

(1988).______ ___

5. A.S. Felgelson, In Crystal Growth of Electronic MatedfAs, edited by E.
Kaldis (Elsevter Science Publishers, New York~, 1985), Chapter 11.I pp. 127-145.
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INCOM MENSURATE PHASE IN Ba.TiSi :Os
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and

R.J. Reeder

Department of Earth and Space Science, S.U.N.Y. at Stony Brook. Stony Brook, NY 11794, USA
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Transmission electron microscope examination of Ba2 TiSiO s has
revealed a new incommensurate phase. The incommensurate reflections
occur along (I 0 0 >, and in the h k 1/2 level. At elevated temperatures
the incommensurate reflections disappear: it is sug2ested that the
property anomalies previously reported in this material at 160'C are
due to the onset of the incommensuration. Differences and similarities
with other related compounds are discussed.

1. INTRODUCTION throughout the temperature range 850°C to - 500C
[7].

FRESNOITE, Ba.TiSiO 8 (BTS), is a relatively rare Transmission electron microscope (TEM) exam-
mineral found in sanbornite-bearing metamorphic ination of single crystals of BTS has revealed a
rocks [1]. It has been studied primarily for its polar previously unreported set of superlattice reflections.
properties, where much of the work was centered on We show that these reflections are incommensurate.
the possibility of using BTS in surface acoustic wave This communication reports on the incommensurate
devices [2]. Fresnoite-based materials can be fabricated phase in BTS, its relationship with the 160'C anomaly,
through the polar glass-ceramic process [3]. A com- and its correspondence to similar compounds.
parative study between single crystals of BTS and the
related polar glass-ceramics revealed an unusual 2. EXPERIMENTAL
anomaly at 160C [4]. The most striking signature of Several different samples were used this study.
this anomaly was found inthe pyroelectric behavior.

thisanoalywasfoud i th pyoelctiic ehaior Single crystals of BTS were grown by the Czochralski
W ith increasing temperature the pyroelectric coefficient S i ue and o t a we re r on e te ch nique
increases steadily until 160°C, whereupon it decreases technique, and with a miniature float zone technique
rapidly, passing through zero at 190°C. A broad peak f feed stock and Czochralski-grown BTS

cnaseeds. Ceramic samples were prepared through a con-in the dielectric constant and the piezoelectric coup- ventional mixed-oxide technique.iling coefficient were.also indications of the anomaly. Tesmlswr o-emtindadeaie
Although these anomalies suggested a phase transition The samples w pere ion-beam thinned and examined
at 160'C in BTS, single-crystal structure refinements initially at room-temperature with a Philips 420 TEM.
aAll samples showed identical diffraction patterns-at 25 and 300°C resulted in satisfactory residuals within therefore we will only discuss the Czochraiski-arown
the same space group [5]. This result seemed to rule th -
out the possibility of a phase transition, and although sample. This crystal was also examined on a J.E.O.L.
several possible explanations were presented (cancel- 200 CX Electron Microscope equipped with a Gatan

lation of primary and secondary effects [41, anomalies model 628 hot stage.
in the elastic constants [51, which have since been The crystal used in the previous structure refine-
observed by Chang and Bhalla [6]), the cause of the ments of Markgraf el al. [5] was reexamined with an
anomaly remained unclear. X-ray precession camera operating with filtered MO

The germanium analog of BTS, Ba2TiGe2O0 radiation.

(BTG), has two phase transitions: a ferroelastic phase 3.RESULTStransition at 850* C, and an unusual low-temperaturetransition at - 50°C on cooling, 0°C on heating. An Previous studies on single crystals of BTS showed

incommensurate modulation of the structure exists a tetragonal cell in space group. P4bm (C;,),

821
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- Fig. 2. BTS single crystal ilted zone axis (001 >
electron diffraction pattern: (a) room temperature-, (b)

I

elevated temperature.

Fi. 1. BTS single crystal zone axis 00IF> electron Heating the sample in siu within the electron
diffraction pattern: (a) room temperature: (b) elevated microscope revealed that the incommensurate reflec-temperature. tions become progressively weaker, until they are no

longer observable (Figs. I and 2). The incommensurate
a = 8.52-A. c = 5.21 A. Figure I presents a zone axis reflections reappear with no noticeable difference in
<0 0 1 > electron diffraction pattern from a BTS single position or intensity upon cooling to room-temperature.
crystal. The arrows mark the weak reflections we con- The specimen/furnace assembly utilized in this hot-
sider as incommensurate. These reflections occur at stage can lead to large thermal difference between the
(I + 6)a*/3, where 6 = 0.20. although the accuracy temperature at the observation area and the thermo-
of this measurement is not high. Electron diffraction couple readout from the microscope furnace. We are
patterns on tilted [00 1] samples show incommen- therefore reluctant to compare the transition tem- I
surate reflections in the h k 1/2 level (Fig 2). These perature obtained from the microscope hot-stage with
reflections effectively double the c lattice parameter. the temperature obtained from property anomalies;
Figure 3 shows the room-temperature three-dimensional they are however within the same range (Fig. lb was I
reciprocal lattice of BTS. obtained with a furnace temperature of 345C, Fig. 2b

The single crystal used in the structure analysis of was obtained with a furnace temperture of 210*C on
Markgrafet al. [51 was examined with a X-ray preces- a subsequent run). I
sion camera for reflections in the h k 1/2 level. An Dark-field imaging using several incommensurate
extremely long exposure (six weeks) confirmed the reflections showed the presence of domains (Fig. 4).
presence of the incommensurate reflections in this These domains are very fine, on the order of 100 nm in
sample. size, and show very weak contrast. On the lower

~I
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00 o 1. 0not all inzoinmensurate crystals, wherein the rnodu-

0 lation is %ell understood, follow a sirnpl. comp-
01 111sitional rersus displacive guideline (e.g. Rb.ZnCl'.

Ba.NaNb:O') in their diffraction behavior.I We are uncertain of the cause of the domains
1_1 !01 o- /1 formed by dark field imaging the incommensurate

reflections. Analysis is difficult due to their high
o - oo density and weak contrast. One possibility is that the)
So o represent discommensurations. Discommensurations

are the crystallographic equivalent of antiphase
boundaries, in that they are imaged with satellite

* oteed P4b, reflections reflections, or in this case incommensurate reflections.
o Incommensuote relfections Microscopically discommensurations represent walls

Fig. 3. Three-dimensional view of the observed recipro- separating commensurate regions. The dark areas on
cal lattice found in BTS at room temperature with Fig. 4 would than be regions with a different modula-
electron diffraction. The thick lines outline the proto- tion vector, areas not excited by the incommensurate
t\ pic tetragonal unit cell, the thin lines serve as a guide reflections chosen. Unfortunately, because of the
for the e'e. resolution of the micrographs, we are not able to

correlate the density of the domains with 0. or analyze

energy microscope (Philips: 120kV) we observed only their interactions for some understanding of the
a mottled background: with the higher energy micro- symmetry of the modulatibn vector(s).
scope (J.E.O.L: 200 kV) the contrast was much better. As mentioned previously the germanium analog
Unfortunately we could not isolate reflections along of BTS has an incommensurate phase. and this incorn-
just the < 100> direction or the <0 10) direction for mensurate phase is coupled with a ferroelastic phase
dark-field work. We had hoped to determine if dif- transition occurring at 850'C. This behavior is attributed
ferent domains were excited by using reflections either to the buckling of the pyrogermanate group. Adding
along < 100> or (010>. silicon to the germanium endmember suppresses the

ferroelastic phase transition, until at approximately 40
4. DISCUSSION atomic percent silicon the phase is no longer ferroelastic

at room-temperature [II]. It is therefore surprising
Previous work has shown that BTS has the same to find an incommensurate phase in BTS. especially

structure at room-temperature and at 3001C [51. without the appearance of ferroelasticity.
Because of the structural similarity above and below Aspects of the incommensurate phase in BTS are
160"C. no structural explanation was available for the similar to those observed in BTG. The most obvious
unusual anomaly observed in BTS. However, the tern- similarity is the occurrence of the refleLtions at h k 1/2
perature behavior of the incommensurate reflections in both compounds. Only superlattice reflections are
leads us to the conclusion that the anomaly in BTS is present in this level, and these reflections are quite
the result of a prototypic to incommensurate type of strong relative to superlattice reflections in the h k 0
phase transition. Prototype-to-incommensurate phase level. An important difference in the two incommen-
transitions are commonly subtle in their signature. surate phases is that in BTG the modulation is along

There are several unexplained features of our the prototypic (I 0) direction. %vhereas in BTS it is
TEM analysis. The incommensurate reflections are found along (100>.
strongest in the center of the h k 0 diffraction pattern. Although the strain present in BTS is evidently
From a kinematical treatment this indicates that the not great enough to induce ferroelastic beha~ior. it Is
cause of the incommensuration may be compositional apparently enough to cause slight structural distor-
in nature [8). Incommensurates with displacive origins tions and the concomitant incommensurate phase.
may show the incommensurate reflections becoming The cause for these distortions is a matter of speculation.
stronger with increasing distance from the center of One possibility is that barium in the ten-fold site
the diffraction pattern. However it seems unlikely that causes a strain in the basal plane containing the Si:O-
the cause of the incommensuration is due to a modu- and TiO5 linkage. Certainly it is the basal plane that
lation of the composition. Rather it is more likely that contains much of the strain in BTS. Chang and Bhalla
the Debye-Waller parameters, ignored in the above [6) have shown that only the C,. C*-. and c',, elastic
analysis, play a major role in the intensity of the constants are affected by the phase transition. Other
incommensurate reflections. It should be noted that indications of this strain can be found in an optical
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Fig. 4. Dark-field imace using several hk 1/2 incommensurate reflections at room temperature: (a) observed
contrast: (b) enlargement of remon (a). (c) incommensurate reflections utilized are arrowed.
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Preious ",ork on BaTiGeO, crystals has shown an unusual low-temperature (-223 K on cooling.
273 K on heating) phase transition. Precession x-ray photographs on Ba2TiGe2O8 single crystals show

in incommensurate modulation along b*. and. for the first time. also along -*. Single crystal intensity data
confirm the a'erage structure in space group Cmm2. There is positional disorder in the pyrogermanate
groups. and this is the probable cause for the modulated structure. The low-temperature phase transition is
proposed to be a lock-in transition, with the modulation along a* locking in at a value of 1. Several
properties, as wkell as other unusual features of the low-temperature phase transition, are discussed in light

of the proposed lock-in transition. Domain studies show that the ferroelastic domains are unstable in the
tow,-temperature phase.

KEY WORDS: BaTiGe,O,. ferroelastic crystal, incommensurate crystal. lock-in phase transition.

i
I INTRODUCTION

The mineral fresnoite. Ba2TiSi2O,3 (hereafter denoted as BTS), was first described in
1965 by Alfors. Stinson, and Matthews (1965). Since then it has received more
attention from materials scientists than from the geological community. The interest is
primarily because of the piezoelectric and pyroelectric properties of the crystal. and
the relative ease with which large transparent crystals may be synthesized. The
germanium analog, BaTiGe2O8 (hereafter denoted as BTG), has been investigated
for its polar properties and for insight into its ferroelastic phase transition at
-1123 K. The initial interest in fresnoite-type crystals at the Materials Research
Laboratory was in the ability to form polar glass-ceramics from them. Polar glass-
ceramics are a unique subgroup of traditional glass-ceramics in that during recrystalli-
zation of the glass an oriented microstructure is obtainable. The oriented microstruc-
lure permits the polar properties of the crystal to be utilized without the difficulty of
synthesizing a single crystal. The properties of polar glass-ceramics ace well reviewed
in the work of Halliyal (1984).

Recent work by Halliyal, Bhalla and Cross (1986) have indicated a low-temperature
phase transition previously unreported in BTG. This phase transition was first
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Figure I Dielectric (a) and pyroelectric (b) properties oi BTG single crystal as a function of temperature.
After Halli)al et al (1985)

observed through pyroelectric and dielectric measurements. The permittivity along c
shows a very small decrease at the transition, dropping from 11.4 to 11.2 (Figure la).
The dissipation factor showed little change throughout the temperature range
investigated. At - 223 K (on cooling) the pyroelectric coefficient shows a very sharp
peak. whereas on heating the peak occurs at -273 K (Figure Ib) (Halliyal et al.
(1985)). Below 223 K the crystal is still polar: in fact the slope of the pyroelectric
coefficient appears identical above and below the sharp peak. Polar glass-ceramics
made from germanium-deficient compositions did not show the low-temperature
phase transition. Halliyal et al. (1985) interpreted this transition as manifestation of a
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possible divertable ferroelectric. The low-temperature phase would be in either point
group m or I for the case of a divertable ferroelectric. Divertable ferroclectrics are
relatively rare. and there is some interest in them for use in optical devices. In addition
the phase transition, if it were ferroelectric, would most likely be improper, because
the permittivity and dissipation factor did not show strong signals at the transition.
The work of Halliyal et al. (1985) was preliminary, and further investigation was
necessary to clear up several aspects of this transition.

ICrystal Structure and Phase Relations in the Ba2TiSi 2 O8-Ba2TiGe2O s System

The crystal structure of BTS was reported concurrently by Masse. Grenier and Durif
(1967) (synthetic sample) and Moore and Louisnathan (1967. 1969) (mineral speci-
men). Both found essentially the same features: BTS crystallizes in space group P4bm
(CL), with a = 8.52 A. c = 5.21 A, V = 378 A3, Z = 2. The silicon ions occur in
pyrosilicate groups corner-linked to TiOs square pyramids. This linkage is parallel
with the basal '001; plane (see Figure 2 for the tetragonal cell).

BTG, the germanium end member, was first synthesized and described as isostruc-
tural with BTS by Masse and Durif (1967). Upon further investigation by Kimura,
Doi, Nanamatsu and Kawamura (1973) it was demonstrated that the crystal occurs in

the orthorhombic system. These workers assigned the crystal to space group iba2

I o  b

Ge ) 0(62 ) (

I,'ilgure 2 1001i projection or BTG crystal structure. Dashed line shows the prototypic P4bm cell.

I
I

0

0(4
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(C ). with a = 12.30 A. b = 135.2 A, c = 10.70 A, V = 17,794 A3.The b parameter is
approximately I I x a. and the given c parameter is twice the c cell edge of the BTS
cell. Kimura et al. (1973) presented photographs of domains later shown to be
ferroelastic in nature (Kimura, Utsumi and Nanamatsu, 1976). A room-temperature
.'average" structure, ignoring the superstructure in the b and c cell parameters, was
determined by lijima, Marumo, Kimura and Kawamura (1981), using space group
Cmm2 (C,!). a = 12.31 A. b = 12.292 A, c = 5.366 A, Z = 4 (Figure 2). These
workers also reported that the superlattice reflections responsible for the assignment
of lba2 disappear at the ferroelastic phase transition.

A convenient method of describing ferroic phase transitions has been developed by
Abrahams and Keve (1971). It involves writing the atomic coordinates in terms of the
symmetry elements lost upon passing through the phase transition. From the study of
lijima et al. (1981). the 1123 K transition in BTG may be described as:

(-V2 .Y2, :2) = (12 - YI, 21 - --( , :1) + A _-

where (x,. 31. =1) represent the atomic coordinates in one orientation state, and
.x,. v. -2) are the atomic coordinates in the second orientation state. The A term

represents the movement the atoms must undergo in order to switch from orientation
state I to orientation state 2. For BTG A is approximately 0.005 A for most atoms.
Another important feature of ferroelastic crystals is the knowledge of the prototypic
structure. Analysis of the high-temperature structure (at 1163 K) in space group
P4bm was accomplished on BTG by lijima, Marumo, Kimura and Kawamura (1982).
Their results show that the prototypic structure of BTG is isostructural with BTS.

Some work has been reported on mixed solid-solution Ba2TiGe2O8-Ba2 TiSi2 O,
cr.xstals. BTG accepts approximately 40 to 50 atomic ',, Si into the tetrahedral site
before accommodating the tetragonal structure at room temperatures (Schmid,
Genequand. Tippmann. Pouilly and Geudu. (1979); lijima et al. (1982)). The
ferroelastic transition temperature is lowered with increasing Si content, as shown
bk lijima et al. (1982) reporting a transition temperature of 523K for
BaTI(Si,,)Ge(, ),O,. Although lijima et al. (1982) were able to grow small trans-
parent crystals in the solid-solution region. attempts by Schmid er al. (1978) to
s.vnthesize mixed composition crystals resulted in inhomogeneous Si-Ge distribu-
tions. Structural information available on a Ba2Ti(Sio,Ge 02 . ,O crystal (lijima et
al.. 1982) shows it is tetragonal and isostructural with BTS.

2 CRYSTAL GROWTH OF Ba2TiGe2O,
Stoichiometric amounts of electronic grade BaCO 3, electronic grade GeO 2. and
99.990 pure TiO2 were weighed. dry-mixed, prereacted at 973 K for 24 hours, and

melted in a thick-walled platinum crucible. An inductance furnace was used to pull the
crystal. The platinum crucible was insulated with alumina spheres inside a zirconia-
felt-lined alumina crucible. An alumina cap was placed over the assemblage to act as

an after-neater. The seed was a (.0 0),,,,agonoa Ba2TiSi 2O8 crystal. The crystal was
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pulled in air with a pulling rate of 2 mm/hour, without crucible rotation. After crystal
growth was completed a white condensate was found on the chamber walls. Previous
workers (Drafall and Spear, 1978) have shown this condensate to be a germanium
phase. probably amorphous GeO 2.

The resulting boule (hereafter denoted BTG 10/13) was pale yellow in color and
approximately 2 cm in diameter and 2 cm high. It has been suggested that the pale
yellow color in BTS crystals is because of the presence of reduced titanium (HaussUhl,
Eckstein. Recker and Wallrafen. 1977). As is common in BTG crystals, cracking (both
micro and macro) occurred throughout the crystal. A small amount was crushed for
powder x-ray diffraction characterization. The x-ray powder pattern agreed with the
published pattern for BTG (JCPDF # 35-213; indexed as tetragonal). The density of
a large piece of the BTG 10/13 boule was measured using the Archimedes method
(medium: deionized water). A density of 4.80g/cm3 was determined, in good
agreement with other workers (4.84 g/cm3; Kimura et al., 1973). Another BTG boule
available, kindly provided by Dr. Z. P. Chang of the Materials Research Laboratory,
was small and clear. This crystal was grown on 3/16. and any discussion of it will carry
this notation (BTG 3/16). The importance of this crystal is that it does not show the
low-temperature phase transition.

3 DOMAIN STUDIES

E.xperimental

Samples investigated included plates perpendicular to [001], [100] and [010], [110]
and [ITO]. The plates were oriented with a back-reflection Laue camera, parallel
polished with 12 pm. 3 pm, I pam and 0.3 pm A120 3 grit, and fine polished with cerium
oxide. A feature common to these samples was the inability to obtain a very good
surface finish. The orientation for the I 10} plates was approximate. One of the : 110,
plates (parallel to the growth direction) showed a propensity to thermal shock when
removed from the sample holder.

Two samples from the BTG 3/16 boule were prepared for optical investigation:
[001 ] and [110] plate. Samples were prepared as described above.

Room-temperature studies were performed on a Leitz polarizing microscope. The
BTG 10 13 samples were investigated as a function of temperature. The high-
temperature (298 to 1173 K) experiments were accomplished using a Leitz Hot Stage
placed on the Leitz microscope. The low-temperature (298 to 200 K) work was done
on a Nikon polarizing microscope equipped with a standard U.S.G.S. heating, cooling
fluid inclusion stage.

Results

The BTG 10,113 [001] plate shows a large number of ferroelastic domains, approxi-
mately 50- 100pum in size, as shown in Figure 3. Each adjacent domain has the a and b
axes interchanged, hence the term 90' twins. It should be noted that in the 10/13
sample the ferroelastic twinning is pervasive, whereas in the 3/16 crystal the twins are



60 S. A. MARKORAF AND A. S. BHALLA

FierJ ptca mcrgrph o he(01]plte BG 0,13crsal () 28 K () 21 Kac

seiu r e ptlmograph th them00couple. DG I,1 rsa:()-23K:()-1K C



PHASE TRANSITION IN Ba 2TiGe2O$ 61

often scarce. In general in the 3/16 sample, the domains occurred along the edges of
the sample. or where it was cracked. Kimura et al. (1976) detwinned a BTG sample at
973 K with a compressive stress of 100 kg/cm 2 applied along [010]. Detwinning was
not possible in the BTG 10/I3 crystal upon application of a compressional stress up to
823 K, possibly because of the great number of twins, or because the temperature was
too low.

Upon increasing the temperature the number of 90° twins decreased, until at
1123 K none were visible. Above this temperature a uniaxial figure was observed,

thus confirming the prototypic crystal system as tetragonal. Similar behavior was
found previously by Kimura et al. (1976). After cooling below 1123 K the ferroelastic
domains reappeared, and as is common in ferroic phase transitions, they did not
reappear in the same location.

The reapparance of the domains in different positions observed on passing through
the high-temperature phase transition is in contrast to the behavior found at the low-
temperature transition. Figure 3 shows three photographs of the [001] BTG 10/13
plate: Figure 3a was taken at 283 K, Figure 3b at 213 K, and Figure 3c back at 283 K
after the crystal had gone through the phase transition at the upper end of its thermal
hysteresis. It is immediately evident that the domains have returned to the same
position after cycling through the phase transition. Another feature observed is the
very small number of 90' twins found in the low temperature phase, indicating that
the ferroelastic twins are not stable in the low-temperature phase. Observation of the
first-order phase transition is quite dramatic: a "wave" quickly sweeps across the
sample, shifting and moving the domain walls. The thermocouple holds the sample
down, and the effect this has on the domain structure of the crystal is unclear.

Previous workers (Kimura et al. 1973) have reported that the domains found in the
[001] plates were the only ones observed. This observation is consistent with the
symmetry assigment of mm2 to BTG. However, in the BTG 10/13 crystal another set
of twins were found. In one of the I 10, plates (the same sample that was susceptible
to thermal shocking) wavy irregular twins were observed. These twins often begin or
stop at the cracks associated with thermal shocking. The angle of extinction between
the two twins is approximately 3. The other I i0} plate does not show this twinning
(nor is it susceptible to thermal shocking). These may represent stress twinning, sach
as those occasionally found in quartz. An attempt was made to anneal the twins, to see
if the twins could be eliminated, or their number reduced. Annealing at 773 K showed
a slight decrease in the number of twins, and a further reduction in the size and
number of twins was seen by annealing at 973. This type of behavior implies that the
twins are stress-related. The twins could conceivably be annealed out, although it
would require long annealing times and high temperatures. The counterpoint is the
question of why the other 110 , plate doesn't show this feature. The absence may be
related to the fact that the former plate is along the growth direction. The twins in this
plate reappear in a different position after the high-temperature phase transition is
passed. If the twins are not related to the highly stressed state of the sample, then the

symmetry of the BTG 10/13 crystal may be lower than mm2.
The remaining samples. the (100] and [010] plates. did not show any twinning.

They did show features that were interpreted as birefringence striations, such as those
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observed in silicon (Lederhandler, 1959) and K(Ta. Nb)0 3 (Scheel and Sommerauer.
1983). Striations such as these are attributed to impurity segregation, or temperature
instability during crystal growth, which leads to a strain-induced birefringence. In
silicon they are commonly found perpendicular to the growth direction, and this
aspect is consistent with observations in the BTG 10/13 crystal.

4 X-RAY PRECESSION PHOTOGRAPHY

Experimental

Precession photography, employing Zr-filtered Mo radiation, was used to examine
the room-temperature BTG structure. For both the 3/16 and 10/13 BTG crystals
[001] plates were cut from the boules and examined under a polarizing microscope.
Areas without ferroelastic domains were clearly visible in both samples, and so small
crystals were cut from these areas. The BTG 10/13 piece was approximately
100 x 100 x 50 pm in size, while the BTG 3/16 sample size was approximately
200 x 200 x 100 pm. These pieces were mounted on drawn glass fibers with nail
polish and placed in a standard goniometer. For both crystals hkO, hkl/2 (this
photograph involves the level at 1/2 c in the Cmm2 cell), hkl,Oki, k,2k0, hOI, hit, and
h21 photographs were taken.

In addition to giving an undistorted view of the reciprocal lattice, the precession
technique has a reasonably open experimental apparatus. This aspect was utilized to
design a device that allowed the crystal to be examined at low-temperatures. The
principle is to use a nozzle to blow cold nitrogen gas onto the sample and to cool
through conduction. The design of the nozzle is similar to that of Post, Schwartz and
Frankuchen (1951). Additional features were gleaned from the excellent book by
Rudman (1976). To minimize ice formation, a stream of warm (room temperature) I
nitrogen gas flowed around the cold stream. The interior of the nozzle was coated with

air-dried silver paint to aid in insulation, The apparatus was capable of reaching and
maintaining temperatures as low as 200 K without appreciable ice formation. As is I
common in nozzles of this design the temperature gradients both across the opening
and in depth are extreme. Care was taken to center the nozzle on the crystal and not to
move it during the exposure. To accommodate the large temperature gradient the P
angle was set at 10'. Unfiltered Mo radiation was utilized in order to shorten the I
exposure times. The shortened exposure time also allowed for more efficient use of N 2
gas. Although a thermocouple was not built into the nozzle, it was possible to insert a
thermocouple into the gas-stream near the crystal. The experiments were commonly I
run at - 210 K. The temperature stability was good, although this feature was not
critical because of the thermal hysteresis associated with the phase transition. Only
the BTG 10/13 crystal was investigated with the low-temperature experiment, and
hkl, 2, hk1. 2k1 and hll photographs were taken. The geometry of the camera, and the I
placement of the nozzle, prevented zero-level photographs at low-temperatures from
being taken.
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IFigure 4 Precession photographs of the zero-eve' reciprocal net of the QTG 10, 13crystal: (a) Oki b) hkO.
The circled area show some of the superlattice reflections.
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Room- Temperature Results

Figure 4 presents the Oki and hkO reciprocal lattice photographs for the BTG 10,, 13
crystal. These two photographs show the orthorhombic symmetry of the crystal as
well as the peculiar superlattice reported by Kimura et al. (1973). It should be noted
that although at first glance the precession photographs appear tetragonal, the
presence of the superlattice and the observed ferroelastic domains rule out a
tetragonal assignment.

Ignoring the superlattice for a preliminary analysis, the 10/13 crystal may be
assigned to space group Cmm2 (extinction rules: h + k = 2n + 1), as reported by
lijima et al. (1981) and Schmid et al. (1978). This space group assignment is consistent
with the orientation of the domains in relation to the tetragonal prototype. There is no
evidence in the photographs, i.e. intensity variations across pseudo-mirror planes, that
the crystal is of lower than orthorhombic symmetry.

Attention is now turned to the superlattice. The zero-level photographs (Figure 4)
show the superlattice along b only. Schematics representing the approximate
distances between the reflections, as measured on the ::ms. are given in Figure 5.
(Note: for precession photographs d = F;.Ig, where g is the value presented in Figure
5. F in this case is 60mm and ;. is 0.7107 A). Densitometer readings on these
photographs would be helpful in the interpretation; one was not avaihable. The zero-
level case is shown in Figure 5a. A distance of 6.9 mm is equivalent to the translation
from h. k, I to h. k + 2, 1 in the Cmm2, b = 12.246 A, structure. No second order
satellite reflections were observed around the superlattice reflections. Figure 6
presents a three-dimensional view of the observed reciprocal lattice framework for
BTG.

Another feature observed on the precession photographs is the coupling of the
superlattice along b to the halving of the c* parameter. The doubling of c relative to
the prototypic structure was reported by Kimura et al. (1973). and discounted by
Schmid et al. (1978). It is best shown in a Ikl (or a 2kl) photograph (Figure 7). Most
(or at least the strongest) of the superlattice reflections occur in the c*/2 zones, and I
only superlattice reflections occur in this zone. Figure 5b presents a schematic of the
superlattice in relation to the non-superlattice reflections for zones c*/2 and c*.
Within the c* zones the values reported are the same as those observed in the zero-
level photographs. However, along the c*/2 zones the distance from the non-
superlattice reflection (absent in this case) to the superlattice reflection is -- 2.2 mm.
whereas in the c* zones this distance is - 2.55 mm.

If the superlattice in the c*,'2 and c* zones arise from the same structural distortion,
and they are not considered incommensurate, the b cell parameter is on the order of
120- 130 A. This cell parameter agrees with the cell parameter of 135 A reported by
Kimura et al. (1973). and represents a cell multiplier of II. The assignment of space I
group Iba2 by these workers is then intimately connected with the superlattice. and
with the choice of I I as the multiple. In their assignment of lba2, the "systematic

absences of the superlattice" are treated as part of the systematic absences of the I
crystal. This aspect is shown by comparing Figures 5b and 5c. which shows the
predilection for a -set- of superlattice reflections to occur about an unobserved
Cmm2 "reflection". This feature was undoubtedly interpreted by Kimura er al. (1973)
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as a systematic absence rule. Utilizing this observation, and a b cell parameter of
- 135 A, the BTG 10/13 crystal follows the condition h + k + I = 2n, the condition
for body-centering.

Such a large cell parameter is relatively uncommon in inorganic crystals, although
not impossible. Another possibility is that the superlattice falls into the incommensur-
ate family: incommensurate or commensurate. To describe a crystal in the conven-
tional way. three independent vectors are used (a*, b*, *). For incommensurate
materials a fourth vector is needed, the modulation vector. In general this modulation
vector. q*. may be evaluated as: q* 6

where p* is a reciprocal lattice cell parameter without a superlattice. 6 is the distortion
factor (dimensionless) describing whether the superlattice is commensurate, 6 = 0; or
incommensurate, 6 :A 0, and n is the fractional multiplier (e.g. 1/4, 2/3, 1/2) that
describes the commensurate superlattice.

The difficulty of an incommensurate-type of superlattice in BTG is finding a model
that fits both the c* and c*/2 zones. Along the c* zones a superlattice of b*/4 fits very
well. with the distortion factor approximately 0.02.

In the upper-level precession photographs the superlattice observed along c*/2 (see
Figure 5b and c) does not fit the b*/4 model very well. Another alternative is suggested
from the consistent appearance of the values 2.2 and 2.55 mm found in the c*/2 zones.
These same values occur in the hkl/2 photograph (Figure 8; Figure 5d for the
schematic). The distance of 2.2 mm taken from the film is very close to a fraction of 2.'3
(0.636, 6 = 0.04). The value of 1.275 (2.55/2), found in the hkl/2 photograph, is near
the fraction 1,3. This suggests that the modulation vector could better be described
using a b*i3 modulation. The appeal of this model is that the shift between the
superlattices from one a* zone to the next, -0.95 mm (Figure 5d), can be explained as
due to the incomensuration. If, or when, the lattice modulation locks-in these
reflections would line up at 1,3 and 2,'3, and in a like manner the superlattice
reflections in the c* and c*/2 zones would possibly line up.

It appears that there are several possible explanations available for the observed
superlattice. The first is that the superlattice represents a unit cell of 12.24 x 135 x
10.7 A. The second explanation involves two modulation vectors in the description of
the superlattice. with the first equation describing the (near) commensurate superlat-
tice along the c* zones, and the second equation describing the incommensurate
modulation in the c*/2 zones: q* = ( + 6)b*/4

q* = (I + 6)b*/3 + c/2.

The final possibility is that the second equation describes both the c* and c*/2
superlattice reflections, with the apparent differences being found in the incommen-
surate nature of the crystal, i.e. the 6 factor. Evidence from the low-temperatur6
precession photographs favor this model. However, utilizing only precession photo-

graphs it is difficult to categorically state which is the correct model.
The ferroelastic twinning in BTG can be described as adjacent twins with
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interchanged a and b axes. This type of twinning would have the effect of averaging the
intensities and positions of the Cmm2 reflections, essentially making the crystal
appear tetragonal. Therefore it is difficult to discern with x-ray photographs if the
crystal is twinned, and to what extent. Because the superlattice reflections show the
greatest difference between the a and b axes, twinning would be readily observed in
these reflections. Figure 8 shows the hkl/2 photograph for the BTG 10/13 crystal. All
reflections in this level are superlattice derived. The circled area on Figure 8 also
shows very weak superlattice reflections along a*, where they were not expected.
Therefore. without the possibility of the 90' ferroelastic twinning, this would indicate
that the a* axis was also modulated. No evidence of the twinning is seen in any other

photographs, and this is unexpected if the crystal was twinned. Evidence from the low-
temperature precession studies indicate that the superlattice along a* is not because of
the presence of ferroelastic domains.

021 221

001 /201,

0 2 0

000 200

Observed Cmm2 reflections

o superlattice reflections along b*-c*

superiattice reflections along a*-c
*

(only observed in lk 1/2 photo.)

Figure 6 Three-dimensional view of the observed reciprocal lattice framework found in BTG crystals at
room-temperature.
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C.

Figure 7 Precession photograph of the I kl reciprocal net o( the BTG io/103 crystal. The circled area shows
the superlattice in the c"/2 zone. See figure 5b for a schematic enlargement with measurements.

I

I
I

a" I
Figure8 Precession photograph of the hkl'/2 level of the BTG 10/13 crystal at 298 K. The circled area
shows several weak superlatice reflections along a*. Figure d shows a schematic.
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Figure 9 Precession photographs of the hkI/2 reciprocal net of the BTG 10/13 crystal taken at (a)298 K
and(b) -210K.
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The average distances between the a* superlattice at room-temperature are the
same as those in the b superlattice (hkl/2 photograph). As shown in Figure 5d these
are - 2.55 and 0.95 mm. Another observation made is that the superlattice along a* is
not exactly centered with the b zones, and that the asymmetry shown in Figure 5d is
not affected by the mirror plane across {010[.

Another circumstantial piece of evidence against the twin model explanation for the
superlattice along a* is found in the precession photographs of the BTG 3/16 sample.
The BTG 3/16 boule does not show the pervasive twinning found in the BTG 10/13
boule. Yet the (hkl/2) precession photograph for the 3/16 samples show the
superlattice in the a* direction. This observation is certainly not conclusive proof that
this superlattice is not due to twinning.

The same suite of precession photographs taken for the BTG 10/13 crystal was also
examined for the BTG 3/16 sample. The two crystals gave essentially identical
precession photographs.

Low- Temperature Results

Low-temperature precession photographs were recorded on the same BTG 10/13
crystal used in the room-temperature study. As mentioned previously, because of the
geometry of the technique only upper-level photographs were recorded. The 2kl and
hIll low-temperature photographs are essentially identical to the room temperature
ones. Both the superlattice reflections and the non-superlattice reflections show no
measurable change in position or intensity, and the angular relations remains a:90'.

The most significant change is found in the hki/2 and hkl photographs. Figure 9
shows two hk 1,'2 photographs: one taken at room-temperature and the other taken at
low-temperatures (- 210 K). In the room-temperature photograph (Figure 9a) the
superlattice along a* is very weak, yet in the low-temperature photograph it is nearly
equal. if not greater in intensity to the superlattice along b* (Figure 9b). These
photographs display the orthorhombic a* and b axes, and at 45' the prototypic
tetragonal axes. Notice that in the room-temperature photograph the crystal appears
to be orthorhombic: the 1110' plane is not a mirror plane. However, in the low-
temperature case the 110, plane does appear to be a mirror plane, giving the crystal a
tetragonal appearance. It must be emphasized that this suggested mirror plane occurs I
only with the hki,'2 photographs. The average distances between the "sets" of
superlattice reflections in the a* direction have decreased at low-temperatures to
- 2.37 and -- 1.12 mm. As discussed previously, these values are consistent with a
commensurate superlattice of 1/3. Another unusual feature is that the asymmetry
noted in Figure 5d shifts the other way in low-temperature phase.

Upon entering into the low-temperature phase a change was noticed in the hkl
precession photograph. On passing through the phase transition the superlattice is 1
observed occurring along a*. as shown in the circled region in Figure 10b. No
superlattice is observed along s* at room-temperature. Although the superlattice
reflections observed along b in the room-temperature photograph (Figure 10a)
appear to have become unobservable in the low-temperature photograph, they are in
fact there, but weaker relative to the room-temperature intensity. The critical
observation is that the superlattice along a* is now commensurate with a divisor of
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I/3. In relation to the superlattice along b*, the distance between superlattice
reflections in a* is greater, from - 1.8 mm in b* to -2.3 mm in a*. These measure-
ments (along with the observations in the low-temperature hk1/2 photograph) suggest
the appearance of a commensurate superlattice along a*, while the superlattice along
b* remains incommensurate.

* 5 DISCUSSION

The goal of this study was to gain some understanding of the low-temperature phase
transition occuring in Ba2TiGe20 8 . The phase transition is unusual for several
reasons. It shows a strong signal in the pyroelectric coefficient P3, yet only a slight
signature in the dielectric data. It has a relatively rare polar-to-polar symmetry
change. The material is ferroelastic, and the ferroelasticity is coupled with the
appearance of a superlattice (lijima et al., 1981). The low-temperature phase transi-

tion is evidently composition dependent, as some samples show it, while others do not.
The dielectric data collected as a function of temperature show the transition in all

three crystallographic directions (Markgraf. 1987). However, the transition does not
produce peaks in the permittivity or dissipation (which are common in ferroelectric
transitions), just discontinuities. In addition, hysteresis loops were not observed in
either the room-temperature phase or the low-temperature one. These observations
lead to the conclusion that the low-temperature phase transition does not involve
ferroelectricity. The pyroelectric data are consistent with mm2 symmetry, both at
room-temperature and low-temperature.

The average structure presented by lijima et al. (1981) was confirmed on data taken
on the BTG 3/16 crystal (Markgraf, 1987). The BTG 10/13 crystal was of insufficient
quality for structure refinement (presumably because of the growth striations), but
strong evidence (precession photographs and MULTAN results) leads to the conclu-
sion that it too is in space group Cmm2. The oxygen atoms in the pyrogermanate

groups show evidence of positional disorder. lijima et al. (1981) have shown that the
oxygen atoms around (at least) one of the germanium tetrahedra are prone to
positional disorder. The oxygens in the refinement of lijima et al. (1981) showed
extreme anisotropic behavior.

As pointed out by iijima et al. (1981) in their English summary, the modulated

structure is most likely derived from the disorder in the skewed Ge2O7 groups. This
modulation involves a "bending" of the Ge.O, groups at the 1123 K transition. The
bent nature of the Ge2 , groups shifts the 0(2) and 0(5) atoms off their special
positions (although for an average structure analysis they remain at this site), and thus
skews the pyrogermanate members. Evidently this flexing also causes shifts in the 0(3)
and 0(6) oxygens (see Figure 2) in the [001] direction, and leads to the observed
doubling of the c lattice parameter. Disorder in the pyrogermanate groups explains
the coupling of the superlattice in b* and c*. There are in fact two different Ge2 ,
groups in BTG. one oriented along b* and the other along a*, and therefore a
superlattice along a* is plausible. Arguments pro and con on the possibility of
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ferroelastic twinning as a cause for the superlattice along a* have been discussed
above, but there is one other point to be made. If the superlattice along a* was a result
of twinning it should disappear in the low-temperature phase, because the ferroelastic
domains are unstable in this phase. In fact the reflections become stronger, and are
present in the low-temperature hk I photograph. This observation implies that BTG is
modulated in all three-dimensions, making it a very complex crystal.

The model suggested for the low-temperature phase transition from the analysis of
the precession studies is an incommensurate to commensurate lock-in transition.
Only the modulation along a* locks-in at a value of 1/3. the superlattice along b*

b)

I

Figure 10 Precession photograph% o"(the k I reciprocal net of the BTG 10/13 crystal taken at (a) 298 K
and (bi - 210 K. The circled region shots the superlattice along *.
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remains incommensurate. Lock-in transitions have recently received much attention,
both theoretically and experimentally. Several of the unusual characteristics of the
low-temperature phase transition in BTG may be satisfactorily explained by invoking
a lock-in transition. Attention is now turned to those features.

The first indication that modulation vectors were involved in the low-temperature
phase transition was in the ultrasonic velocity experiments (Markgraf, 1987). Most
modes sampled did not show a strong anomaly upon passing through the phase
transition. The longitudinal velocity in the [001] direction showed a slight inflection.
as did the shear modes in the basal plane. But these signatures are small in
comparison to the effect of the phase transition on the shear modes propagating down
a, and/or b, and polarized in the c direction (Figure 11). It is not possible, because of
the multi-domain nature of the sample, to ascertain whether one direction was
undergoing a larger change at the transition; much information was lost because of
the averaging effect of the twinning. The velocity data show that these modes stiffen at
the low-temperature phase transition.

The ultrasonic velocity data in our studies (Figure !1) show the thermal hysteresis
observed by Halliyal et al. (1985) in the piezoelectric properties. In compounds that
are not modulated, the presence of thermal hysteresis at a phase transition generally
indicates a volume change across the phase transition. This volume change means
that the process in going from one phase to the other involves nucleation and growth.
with the former being the more important parameter (Parsonage and Staveley, 1978).
In a like manner a nucleation and growth process has been suggested for the observed
thermal hysteresis in lock-in transitions. A model reviewed by Hamano (1986)

suggested that an incommensurate crystal is composed of commensurate areas
separated by discommensurations. Discommensurations are "domain walls" where
the phase of the modulation changes abruptly. In cases where the incommensurate-
commensurate transition leads to a ferroelectric commensurate phase, these discom-
mensurations become the ferroelectric domain walls. In the discommensuration
model the discommensurations are distributed throughout the incommensurate
phase, approximately equal distances apart. When the commensurate crystal is heated
above the lock-in temperature the discommensurations must nucleate on the underly-
ing commensurate crystal. This nucleation process requires an activation energy,
hence the thermal hysteresis. If this model holds for BTG, with a thermal hysteresis of
- 45 K. the activation energy must be rather high.

This model for the thermal hysteresis at an incommensurate-commensurate lock-in
transition is an intrinsic effect. Defects may also contribute to the thermal hysteresis
by pinning the discommensurations (Hamano, 1986). Evidence that defects affect the
low-temperature transition in BTG is found in the variation of the transition
temperature. Often the transition temperature will vary by ± 5 K in successive
dielectric and pyroelectric runs. Another feature attributed to defects in incommensur-
ate crystals is the fixing of the incommensuration. Addition of impurities (i.e. defects)
often fixes the incommensuration. No lock-in transition occurs in this "impure"

crystal. whereas in the "pure" crystal it does. A good example of this dopant effect is
found in the system (Rb1. K¢) 2ZnCl , (Hamano, Ema and Hirotsu, 1981). This may
be why the BTG 3/16 crystal does not show the low-temperature phase transition.
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This point cannot be discussed further without a better understanding of the
impurities in both the BTG 3/16 and BTG 10/13 crystal. and so remains speculative.
However, this model would explain the observation of the superlattice along a* in the
BTG 3/16 crystal without the low-temperature phase transition.

The ferroelastic domains in BTG appear as a result of the 1123 K phase transition.
This phase transition also stabilizes the modulated structure. In spite of the apparent
coupling between the superlattice and the ferroelastic domains (a very rare occur-
rence), the instability of the domains in the low-temperature phase (Figure 3) was an
unexpected result. The instability of these domains indicates a rise in the point-group
symmetry of the crystal, the most likely candidate being tetragonal symmetry.
Unfortunately the poor optics of the microscope used in these experiments prevented
an interference figure from being obtained.

If the low-temperature phase was tetragonal, it would place BTG in the very rare
class of compounds that have a low-symmetry phase sandwiched between two higher
symmetry phases. The most widely known case is the ferroelectric Rochelle salt,
NaKC4 HO,-4HO. wh.ch goes from P21 21 2 to P2, at 297 K, and then back to
P2,2,2 at 255 K ' and Shirane, 1962). Ba2NaNb 5O1 (hereafter denoted as
BNN) shows a -uegcsted phase transition sequence of 4 mm to mm2 at - 573 K, and
then back to -, rv.a at 110 K (Schneck, Primot. Von der Mil and Ravez, 1977). The
key observ-ion in this case was the disappearance of the ferroelastic domains in the
crystal at 110 K. By way of comparison. the low-temperature phase transition in BNN
shows very little change in the dielectric properties (which are much larger than BTG)
and has thermal hysteresis. Also, the phase transition is very sample dependent, with
quite a few BNN crystals not showing it (Schneck and Paquet, 1978). Laue
photographs of BNN crystals taken at 80 K and room-temperature are similar

Z 2.36
a Cooling

0 & Seating
2.35 ' I

-4
X 2.34

A

.4 33
,-4

> 2.32' ' " "1
200 220 240 260 280 300 320

Temperature (K)

Figure I Uhrasonic velocity vs. temperature for shear wave propagating along an orthorhombic axis
and polarized along c for heating and cooling run. BTG 1013 crystal.
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(Schneck el al.. 1977), indicating that only small displacements are involved in the

phase transition. These aspccts are similar with the observations in BTG. The work on

the low-temperature phase transition in BNN, however, pre-dated the discovery of its

incommensurate modulation (Toledano, Schneck and Errandonca, 1986, and refer-

ences therein). Its role in the phase transition remains unclear.
In the results section for the low-temperature precession studies it was pointed out

that, as preliminary analysis. { 110} appeared to be mirror planes. Close examination
of the intensities of the superlattice reflections rules out this mirror plane. There are
several cases where the intensity mismatch across the , 110} pseudo-mirror planes are
quite noticeable. Figure 10b also shows an intensity inequality in the superlattice
reflections between a* and b. The variation in the intensities implies that the crystal is
not tetragonal.

The disappearance of the domains in the low-temperature phase remains an

unexplained feature of the BTG crystal. Evidently the strong appearance of the
superlattice along a* leads to their instability. The explanation why a lock-in
transition causes these domains to disappear is unclear. Lock-in transitions do not
generally involve a change in the average crystal structure, although one case is
known where a change in the average symmetry occurs. In {N(CH 3 ),} 2CuCi, the
lock-in transition leads to a symmeiry change of orthorhombic to monoclinic
(Sawada, Sugiyama, Wada and Ishibashi, 1980).

Several aspects of the low-temperature phase transition in the 10/13 BTG crystal
have been satisfactorily explained by postulating a lock-in transition along a*. What
has not been addressed is the peculiar "memory" effect observed in the domain
studies. Figure 3 shows that ferroelastic domains return to the same position after the
low-temperature phase transition. An explanation, very speculative in nature, is that
this behavior is similar to the "memory" effect observed in BNN (Toledano et. al.,

1986) and Rb2ZnCI4 (Unruh. 1983). The model presented by these authors is that
crystal imperfections at a temperature (called the annealing temperature, TA) will

stabilize the modulation vector and (he associated discommensurations; that is, pin
the modulation. The crystal then returns to that same defect pattern when it returns to
that temperature. This model does not include any contribution from the underlying
lattice pinning the domain structure. In part -ular, when the incommensurate phase is
stable at TA, passing from the commensurate phase to the incommensurate phase on
heating will result in the reoccurrence of the same discommensuration pattern. The
crystal in effect remembers its defect structure. In the case of the BTG crystal, TA is
(approximately) room-temperature, and the domains are pinned by the defects to the
same position prior to the low-temperature phase transition. This explanation is
speculative, and the low-temperature phase transition in BTG still has many aspects
unresolved.
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i
ELASTIC ANOMALY IN FRESNOITE (Ba2 TiSi2Os) SINGLE CRYSTAL
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Ultrasonic velocities in fresnotte single crystal along several directions were measured trom room temperature to above 200 C
at 20 MHz. It was observed that an elastic anomaly occurs near 160'C. One of the shear mode velocities showed an anomaly at
about 130 C. The anomalies may be attributed to a commensurate-incommensurate phase transition.

I. Introduction proportion. SiO2 was obtained from silicic acid

SiO,nH,O, in which the weight percent of SiO2 was
Recently anomalous behaviors in the dielectric, determined in a preliminary test by heating the sil-

piezoelectric and pyroelectric properties of a fres- icic acid powder at 250-C for 3 h to remove the hy-
notre (BaTiSi,O ) single crystal were reported [ I ]. dration water. The mixture of BaCO3. SiO,. and TiO,
The dielectric constant, planar coupling coefficient powders were calcined at 1090-C for 12 h for the
and p. roelectric coefficient show a maximum value first run but at 1250' C for the later runs. X-ray pow-
at 160 C and the frequency constant reaches a min- der diffraction pattern confirmed the complete re-
imum at the same temperature. The sign of the py- action of BTS after calcination at 1250-C. The
roelectric coefficient. which is positive at room tem- growth conditions were: pulling rate 0.8-1.8 mm/h.
perature. becomes negative at 190:C. crystal rotation 20-25 rpm, and the crucible being

The possibility of a structural phase transition as stationary.
the cause of the anomaly was tested by X-ray powder In the first run, growth was initiated from a Pt wire.
diffraction patterns taken from room temperature up and the growth direction was close to [ 110 ]. For later
to 400'C at intervals of 50 C. No significant changes runs, seeds along [ 1001 and [ 1101 were also used.
in either d-spacings or intensities were detected [2 1. The [ 1001 direction has a slower growth rate. The
An analysis of the intensity data at 24 -C and 300 C grown crystals are colorless and transparent, about
also did not reveal any change in the crystal sym- 1.7 cm in diameter and 3.5 cm in length for the first
metrv or space group of the crystal [ 2 1. The origtn one. and smaller for the others. Facets of (001 ) and
of the anomaly is probably neither dielectric nor pie- (110) were noticeable.
zoelectric as described in ref. [ 11. It will be inter-
esting to investigate the elastic behavior as a func- 2.2. Ulhrasonic wave velocity measurements
tion of temperature near I6IYC.

Ultrasonic velocity measurements wcre made us-
ing the pulse superposition method developed by

2. Experimental McSkimin [31. A quartz transducer with a reso-
nance frequency of 20 MHz was bonded with Nonaq

2./. Grotith ol BITS single crystals stopcock grease to one face of a pair of parallel faces.
Constructive interference between the train of input

Single crstals of BTS were grown from the melt pulses and the echos reflected from the other face
by the Czochralski pulling method. Starting mate- leads to the determination of the transit time. The
rials were BaCO 3. SiO,. and TiO2 in stoichiometric phase velocity is then calculated from the transit time

418 0167-577x/89/$ 03.50 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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and the thickness of the sample corrected for the 0 so 1oo iso 200 250

thermal expansion [4 ]. Measurements were made in .67 .. 6

the temperature range from room temperature to 66 .66

above 200-C. A thermocouple for the temperature 65 a .65

measurement was in direct contact with the sample. .64 .64
63 .63

Typical rate of increase of the temperature was about .6 .63
15-20:C/h. Satisfactory coupling for ultrasonic wave b

propagation can be obtained with Nonaq in the tem- .61 .61

perature range of the experiment, and in one of the . 4 '6

runs, up to 250'C. 484 c 4 4

Fresnoite is tetragonal at room temperature. In the . 483 .482

.48248
crystallographic [ 100]. [ 110] and [0011 directions, 481 48/
there are three pure modes of propagation: one Ion- .483

gitudinal and two shear, the shear modes in the [001 ] . .395

direction are degenerate. For the ultrasonic mea- .393 d 393

surements. samples with parallel faces normal to the .392 .392

[100]. [ 110] and [001 ] directions were prepared. o348 -. 34

All the measurements were made on samples cut from 734? 347

boule no. I. Because of the smaller size of boule no. 346 346

2. only a sample with (00 11 faces was prepared and 345 ]345
used as a check at room temperature. Both the lon- .24 .2

gitudinal and shear velocities agree very well be- .23 .283
tween the two boules. The discrepancy is 0. 13% for 282 2 282

the former and 0.07% for the latter. .282 .282
.281 .281

266 - -------------- -. 266
265 .265

3. Results and discussion 264 .264

Z63 ... .... . 263

The velocities as a function of temperature along 0 50 JOG 5t 200 250

thc [ 100]. [I It)] and 1001 ] directions are shown in

fig. I. It is seen that anomalies also appear in the Fig. I Ultrasonic velocities for 7 modes in BTS versus tempera-
elastic property. For the longitudinal waves (curves ture. (a) LIII10: (b) LI100 (c) LIO01: (d) 71100. P0010: le)

711110. PHI 10; if) 111110, P11001; (g) T001. PH100. L and Ta. b. and c). with increasing temperature from room indicate the propagation direction of longitudinal and transverse

temperature, the velocities decrease to a minimum waves respectively. P indicates the direction of polarization.

at about 160C. After that a rapid increase of about Measurements were made on heating. For runs b and e. data were
4% in 60'C occurs for the [ 100] and [ 110] waves also taken during cooling (indicated by dots).

(curves b and a). whereas only a shallow maximum
appears for the [00 11 wave (curve c). For the shear
wa,,es. the one propagating in the [100] and polar- Thus large anomalies indeed were observed in
ized in the [0101 direction also showed large anom- some of the ultrasonic velocities, indicating that the
aly (curve d). However, the minimum occurs at cause of the anomaly is probably in the elastic prop-
about 130'C. A repetition of this tun gave the same erty. In some runs (curves b and e) in which data
result. Good contact between the thermocouple and were successfully taken during decreasing tempera-
the sample was confirmed after the run, thus ex- ture as indicated by the solid dots in fig. I. no hys-
cluding the possibility of any wrong temperature teresis was observed in the velocity versus temper-
reading. For the other shear waves in [0011 and ature behavior, indicating that the change is
S1I10) directions, no anomaly was observed (curves reversible.

e. f, and g). Recent studies using transmission electron mi-

419
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croscopy suggest a commensurate-incommensurate for (he sound velocities. Thus. a total of nine un-
phase transition near 160: C 15]. knowns, six elastic and three piezoelectric constants.

It is not clear why the shear wave propagating in has to be determined simultaneously from the ve-
the 1100] direction and polarized in the [010] di- locities. Presently. samples for propagation direc-
rection has a minimum at about 130-C which is dif- tions 451 and 60W away from the c axis in the ac plane

ferent from the minimum at 160'C for the three Ion- are being prepared. The results will be reported later.
gitudinal waves. More studies on the lattice vibration
using Raman spectroscopy will be of interest. References

The modes of wave propagation used in the pres-
ent investigation show clearly the elastic anomalies. (I I A. HaLliyal. A.S. Bhalla, S.A. Markgraf. L.E. Cross and R.E.

However, in order to obtain the complete set of elas- Newnham. Ferroelectrics 62 (1985) 27.
tic constants, two more propagation directions for 121 S.A. Markgraf. A. Halliyal. A.S Bhalla. R.E. Newnham and

the sound wave are needed. This due to the piezoe- C.T. Prewitt. Ferroelectrics 62 ( 1985 ) 17.
letri stiffnin g ae te cry . s a ut the piee- 13) H.J. McSkimin. J. Acoust. Soc. Am. 33 (1961) 12.
lectric stiffening of the crystal. As a result, the pie- 141 A.S. Bhalla, unpublished.

zoelectric constants also enter into the expressions 151 S.A. Markgraf, private communication.
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I PYROELECTRIC AND DIELECTRIC PROPERTIES OF HEMIMORPHITE.
Zn 2Si 2O,(OH)2 " H20 *

I S.A. MARKGRAF and A.S. BHALLA
Materials Research Laboratory, The PennsYhiania State University. Uniersty Park. P.4 16802. USA

I Received 24 March 1989

P roelectrtc. dielectric and other properties have been measured on naturally occumng hemimorphite Zn,SiO,(OH):.HO
cr-stals. Hemimorphtte has a strong pyroelectric coefficient ( -45 C/rm- 'C at room temperature), low permittivity and loss.
and weak piezoelectricity. making it an appealing sensor material. Dehydrated hemimorphite is also polar, and selected properties

of this material are presented.I
1. Introduction 2. Structure

The investigation of polar crystals for use in a va- The structure of hemimorphite has been the sub-

riety of sensor applications is a very active field. jectofa number of investigations. Both X-ray [3]and
Commonly. ferroelectric materials are used for py- neutron [4] structure determinations have been per-
roelectric detectors, but there is some interest in non- formed. Hemimorphite consists of a three-dimen-
ferroelectric (polar) crystals with large pyroelectric sional framework of three-membered rings of one
coefficients. These materials in general have low per- SiO4 tetrahedron and two ZnO,(OH) tetrahedra
mtttivity, small dielectric loss. weak piezoelectricity oriented perpendicular to (010). This linkage cre-
and do not show again effects common to ferroelec- ates three types of cavities: four-, six-. and eight-
tric materials. Several oxide crystals that fall into this membered units parallel to (001 ) (fig. I ). The water
class of compounds are M2TiX,O (M: Ba. Sr: X: Si, molecule ts located close to the center of the large
Ge). MXO3 (M: Li. Na: X: Si, Ge). M,X,O5 (M:
Li. Na: X: Si. Ge). and MB 407 (M: Li, Pb, Sr. Ba). ---------------
Historically hemimorphite (Zn 2Si,O(OH )zHO)
has been known to show strong polar properties [ I].
yet there are no modern quantitative measurements
of the property coefficients. In this paper we report
on the dielectric, pyroelectric, and related properties
of single crystals of hemimorphite. Hemimorphite
dehydrates at 450'C. At still higher temperatures
hemimorphtte undergoes two oriented conversions
until willemite (Zn2SiO4 ) is obtained [2]. The 1 ,-

ZnSi.O,(OH) 2 phase, because it has the same
structure as hemimorphite minus the water mole-
cule. should be polar.

-
-----.. y

Fig. I. (001) projection of four unit cells illustrating the
* Dedicated to Professor Robert E. Newnham on the occasion Zn(OH)03 and SiO 4 (stippled) tetrahedra] framework. After ref.

of his sixtieth birthday. 13).

0167-577x/89/$ 03.50 © Elsevier Science Publishers B.V. 179
(North-Holland Physics Publishing Division)



Volume 8, number 5 MATERIALS LETTERS June 1989

powder method [7] on powdered samples. A de-
. hydrated sample of hemimorphite was obtained by

'heating the sample at 500°C for 12 h. The resulting
04) H 6 H 40(41 crystal was opaque and fragile.

Z H H ILJ
0(3) 0(3) 4. Results and discussion

Fig. 2. (010) projection at Y=0.0 showing the location of the The room-temperature pyroelectric coefficient for
water molecule. After ref. [4]. hemimorphite is -45 giC/m 2 °C. The pyroelectric

coefficient is exceptionally high for a non-ferroelec-
cavity, and is oriented parallel to (010) through hy- tric crystal. Fig. 3 presents the pyroelectric coeffi-
drogen bonding with the hydroxyl groups (fig. 2). cient as a function of temperature on both heating
We would like to reiterate a point made by Hamilton and cooling runs. There is very little hysteresis. The
and Finney [ 51 that compounds with zinc and sil- dielectric constant (K33 at 1 MHz) was 11 .8, and the
icon in tetrahedral coordination are often acentric. tangent delta was in the range 0.002 to 0.004. A pie-
Further investigation into the acentric-related prop- zoelectric d3 3 coefficient of approximately 7 pC/N
erties of these materials may be rewarding. was measured, and a planer coupling coefficient of

10% was obtained. The same sample gave a second
harmonic signal ten times that of quartz. Table 1

3. Experimental summarizes the as measured properties for hemi-
morphite. The pyroelectric properties are quite at-

The hemimorphite crystals used in this study were tractive for infrared devices.
obtained from the Smithsonian Institute (Sample No. Pyroelectric materials are useful as uncooled de-
147796). and were collected at the Potosi Mine, tectors of a wide variety of wavelengths (infrared
Santa Eulalia. Mexico. They occurred as large (be- being the most common, for a recent review see ref.
tween I and 3 cm) clear single crystals, with [0011 [ 81 ). There are many different designs and appli-
as the growth direction. X-ray diffraction patterns cations for these detectors (fast laser pulse detectors,
showed only hemimorphite. pyroelectric vidicons, intruder detectors. fire alarms,

Ir, order to examine the dielectric and pyroelectric etc.), and many different materials are available for
properties a part of the crystal was cut into a thin these detectors: LiTaO3, triglycine sulphate (TGS),

[ 001 ] plate, polished, and electroded with sputtered
gold. The dielectric constant and dissipation factor -35
in !he [001 ] direction was measured as a function C,
of temperature (200 to 500 K) using an automated

capacitance technique, and the pyroelectric constant
was determined with a Byer-Roundy [6] technique. -I
Both measurements were performed with a heating/
cooling rate of 4VC/min, and have an accuracy of
± 5%. The piezoelectric d33 coefficient was measured F -50-

with a Berlincourt d33 meter. This apparatus is in- W
tended for strongly piezoelectric materials, and was o
used merely to confirm that hemimorphite is a rel- ,-
atively weak piezoelectric. The planer electrome- 20 40 so so 10 0
chanical coupling coefficient was measured with TEMPERATURE (-C)
standard resonance techniques. The second har- Fig. 3. Pyroelectric coefficient versus lemperalure for

monic signal was tested with the Kurtz and Perry hemimorphite.

180 I
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Table I
Properties of hemimorphite and ZnSiO,(OH):

Hemimorphite ZnSiO,(OH )2

pyroelectnc coefficient (ps: MC/m' 'C) -45 -10
piezoelectric coefficient (dj 3: pC/N) 7 0
planer coupling coefficient (k,: %) 10 -

SHG signal (times quartz) 10
dielectnc constant (K 3 ) 11.8 7.2
tangent della 0.003 0.001

Sr, ,Ba,, NbO,,. modified lead-zirconate ceramics, large pyroelectric coefficient. It has several appealing
It is difficult to draft a figure of merit that covers all aspects for potential use as a pyroelectric detector.
the applications and designs available. Aspects of the and because it is not ferroelectric will not depole or
material properties of hemimorphite that are ap- age. Zn2SiO,(OH) 2 is also polar, but with a much
pealing to the design engineer are: weak piezoelec- smaller pyroelectric coefficient.
tricit, (weak microphony), no ferroelectricity (and
hence no poling or aging), small dielectric constant
(good for large area detectors) and low loss tangent Acknowledgement
(improved signal/noise ratio), and flat pyroelectric
coefficient (thermal stabilization is not a serious fac- We would like to take this opportunitY to thank

tor). Although the pyroelectric coefficient in hemi- Professor Newnham for the many helpful discus-

morphite is smaller the figure of merit is quite com- sions he has held with us over the years. %c wish him

petitive to the best materials currently in use. Also a happy sixtieth birthday, and many more. We would

coming into consideration in detector design, but not also like to thank John White and the Smithsonian

discussed here, are thermal characteristics, and cost/ Institute for the hemimorphite crystals.
availability.

Selected properties of dehydrated hemimorphite References
are also included in table 1. The loss of the water
molecule results in a drop in pyroelectric c,:fficient [I I S.B. Lang, Sourcebook of pyroelectrncity (Gordon and
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that the strong pyroelectric properties are associated [21 H.F.W. Taylor. Am. Mineral. 47 (1962) 932.

with the OH group. [31 W.S. McDonald and D.W.J. Cruickshank, Z. Krist. 124
(19671 180.
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Williams. Z. Krist. 146 41977) 241.

5. Summan [51 R.D. Hamilton and J.J. Finney. Mm. Mag. 49 ( 1985) 9 1.
[61 R.L. Ber and C.B Roundy, Ferroelectncit, 3 (1972) 333.
l7) S.K. Kurtz and T.T. Perry. J. Appl. Phys. 39 (1968) 3798.

Hemimorphite is a non-ferroelectric phase with a (81 R.W. Whatmore. Rept. Progr. Phys. 49 (1986) 1335.

181



DISTRIBUTION LIST

Scientific Officer Code: 1131
Wallace A. Smith

Office of Naval Research
800 North Quincy Street

Arlington, Virginia 22217-5000

Administrative Grants Officer
Office of Naval Research

Resident Representative N66005
Administrative Contracting Officer

The Ohio State University Research Center
1314 Kinnear Road

Columbus, OH 43212-1194

Director, Naval Research Laboratory
Attn: Code 2627

Washington, DC 20375

Defense Technical Information Center
Building 5, Cameron Station
Alexandria, Virginia 22314


